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Abstract

The introduction of computer-aided tools into thieduct development process allows improving the
quality of the product, evaluating different vat®iof the same product in a faster way and reducing
time and costs. They can play a meaningful role aisdesigning custom-fit products (especially,
those characterized by a tight interaction withitbenan body), increasing the comfort and improving
people’s quality of life.

This thesis concerns a specific custom-fit prodthat, lower limb prosthesis. It is part of a resharc
project that aims at developing a new design platfoentred on the digital model of the patient and
his/her characteristics. The platform, named PessshVirtual Laboratory (PVL), is being developed
by the V&K Research Group (University of Bergamoydntegrates ICT tools and product-process
knowledge. It provides two environments: one foogtinesis design (named Prosthesis Modelling
Lab), both transfemoral and transtibial, and omeHe prosthesis testing (named Virtual Testing)Lab

The main objective has beenambedwithin the Virtual Testing Environmemiumerical simulation
tools to analyse the interaction between the sockand the residual limb under different loading
conditions, allowing the prosthetist émtomatically run the simulation and optimize socket shape.
Simulation tools, such as Finite Element Analyst€A), permit to predict the pressures at the
interface socket-residual limb, evaluate the comédrsocket and validate the socket design before
manufacturing phase. However, the diffusion of datian tools in orthopaedic laboratories is
strongly limited by the high level of competencequieed to use them. Furthermore, the
implementation of the simulation model is time amming and requires expensive resources, both
humans and technological, especially onerous fallsonthopaedic labs. To effectively employ the
numerical analysis in prosthesis design, the sitimaprocess has been automated and embedded
within the virtual design platform. Therefore, inch a context, the specific scientific objectivesdn
been to:

« Critically analyse the state of the artwith regard to methods and tools to evaluate decke
residual limb interaction.

« Identify the key issues t@mutomate thesimulation activities.

« Define a set okimulation rules and theFinite Element Analysis model

 Implement and integrate within the new design platf the automatic simulation
procedure.

« Testthe integratedesign platform with a case study.

* Identify future development trends

Research activities have been organizedfimio main activities as follows.

The first activity consisted in an extensive analysis of the last dwoadesState of the Art on

numerical models adopted to study residual lowalkland prosthetic socket interaction. Starting from
literature, the key issues of the simulation prec@sg., geometric models reconstruction, materials
characterization, simulation steps, and boundangditions), the methodologies and procedures have
been identified. Particular attention has been a@am to the parameters commonly adopted to



evaluate socket comfort. This phase played a fued#ah role since it constituted the basis for the
implementation of the embedded simulation proceduaso permitted to highlight that current fait
element models are stand-alone and not integraitédpnosthetic CAD or Digital Human Modelling
(DHM) systems.

In thesecond activitythetools and methodsnecessary to develop the embedded simulation raodul
have been selected. By using these tools, it wasilple to identify thesimulation rules and thebest
practice procedures which are fundamental to implement an automatitikation module. Initially,
the modelling tools have been considered since pheyide the geometric models for the numerical
analysis of the socket-residuum interaction andtler virtual gait analysis of the patient's avatar.
Then, particular attention has been paid on thécehaf the FE solver, that has been made according
to the results of preliminary FE models. They wienplemented using two different solvers: Abaqus
(commercial) and CalculiX (open-source). The lalt@s been experimented to verify the possibility to
develop a design platform totally independent froammercial tools. However, according to the
results, Abaqus has been chosen because it alloarsaging adequately simulation problems
characterized by large deformations and difficalbhtact conditions, its results are comparable with
those found in literature, and its scripting cod®egl not require specific customization. The last
considered tool was the Digital Human Modellingteys (LifeMOD) since it permits to enhance the
accuracy of the numerical analysis. By performihg gait simulation of the patient’'s avatar, it
provides the directions and the magnitude of foem@bmoments that act on the socket.

Thethird activity consisted irdefining the architecture of the simulation module implementing

the module and the interfaceswith the socket CAD tool (namely Socket ModelliAgsistant-SMA)

to get the geometric models of the involved pateket and residual limb) and with the DHM system
to acquire forces acting on the socket during ptewalking. The simulation module has been

implemented using the Python language and the retiesd) environment works as follows. Once the
prosthetist has created the 3D socket model, SMpliegs the input for the analysis (e.g., residual
limb length, patient’s weight, friction coefficiennaterial properties), and produces the files irequ

to generate the FE model. Abaqus automatically rg¢éee the FE model without any human

intervention, solves the analysis and generatesulkgut file containing the pressure values. Result

are imported in SMA and visualized with a colourpn&MA evaluates pressure distribution and

highlights the areas that should be modified. Geépmmaodifications are needed in the areas where
pressure exceeds the maximum value and are castiecutomatically by the system or by the

prosthetist using the virtual tools available in AMThen, the system re-executes the simulation.
Through this iterative process of adjustments,siheket shape is modified and optimized in order to
eliminate undercuts, minimize weight and, espegiallstribute loads in the appropriate way so that
they can be tolerated for the longest period oétim

Thefourth and last activity concerned théest and validation of the simulation moduleintegrated
within the new design platform, by consideringangfemoral patient. The new virtual process and the
key issues of the simulation procedure have bestedestarting from the patient’'s data acquisition t
the release of the socket using also data comaorg the gait simulation with the DHM system. The
geometric model of the residual limb has been rsirooted from MRI images and the socket has
been modelled using SMA. Through an iterative psecthe socket shape has been optimized until the
pressure distribution on the residuum was condistneliminary activity concerning the FE model
validation has been performed comparing the pressistribution experimentally acquired with
pressure transducers over the residuum with thalation results. To accomplish this task, the
geometric model of the real socket has been aajuising reverse engineering technigues. Two
numerical simulations have been implemented, thiferdfor the residuum geometric models
adopted: from MRI and from 3D scanning. Preliminaegults have been considered positive but
improvements are necessary. As an example, somaegeo inconsistencies, occurred during the
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acquisition of the geometric model of the residimb, have reduced the accuracy of the final result
To complete the evaluation of the simulation modaiew residuum geometric model is needed and a
refinement of the material model characterizat®desirable.

To conclude, the simulation module embedded wittimiual Testing Laboratory has improved the
prosthesis development process with the goal ofsagsy and validating the socket shape under
different load conditions (static or dynamic) befdhe manufacturing phase. The testing phase of the
new procedure has demonstrated the feasibilityhef Mirtual approach for lower limb prosthesis
design. The tests carried out permitted to highliggtessary improvements and future developments,
such as the definition of a protocol to acquirergsdual limb through MRI and 3D scan, refinement
of the FE model (e.g., non-linear viscoelastic wéha for soft tissues, friction coefficients), piel
computing to improve simulation performances, opeurce solvers to implement a design platform
totally independent from commercial systems, amdagsive test campaign involving transtibial and
transfemoral patients to fully validate the FE madel the design platform.

Keywords: prosthesis design, socket-residuum contact irieracfinite element analysis, human
modelling, gait analysis simulation, embedded s@tioh, pressure acquisition.
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Riassunto

L'introduzione di strumenti informatizzati nel pesso di sviluppo del prodotto permette di
migliorarne la qualita, nonché di valutare divevsgianti del prodotto stesso in modo piu veloce,
riducendo in tal modo il tempo ed i costi relatalla progettazione. Per queste motivazioni, tali
strumenti possono giocare un ruolo rilevante ancbka realizzazione di prodotti personalizzati
(specialmente quelli caratterizzati da una strigttarazione con il corpo umano), aumentandone il
comfort e migliorando la qualita di vita delle pems.

Il presente lavoro di tesi si concentra nello sp@zisull’applicazione di tali strumenti informatiati
nella creazione di protesi per arti inferiori, iresedosi in un progetto di ricerca che ha come tibiet
quello di sviluppare una nuova piattaforma di pttaygone centrata sul modello digitale del paziente
e sulle sue caratteristiche. La piattaforma, chtanRrosthesis Virtual Laboratory (PVL), e stata
sviluppata dal gruppo di ricerca V&K dell’'Univergitdegli Studi di Bergamo nell’ottica di integrare
gli strumenti informatici con la conoscenza deldwtbo e del processo. La piattaforma é strutturata
modo da offrire due ambienti di lavoro: uno dedicalla progettazione della protesi (chiamato
Prosthesis Modelling Lab), sia transfemorale chedtibiale, e I'altro destinato alla fase di vesdfi
della stessa (chiamato Virtual Testing Lab).

L’obiettivo principale del lavoro di tesi e statoedlo diintegrare, all'interno dell’ambiente virtuale
di verifica, glistrumenti di simulazione numerica che consentono dinalizzare l'interazione tra
I'invaso e l'arto residuo sotto diverse condizioni di carico, permettendotesdnico protesico di
effettuare lasimulazione in automaticoe di ottimizzare la forma dell'invaso. Gli struntieuli
simulazione, come [l'analisi agli elementi finiti ER), permettono di predire la pressione
all'interfaccia tra invaso e moncone, di valutdreamfort dell'invaso e di validare la progettazson
dello stesso prima della fase di manifattura. Mdtala diffusione degli strumenti di simulazionein
laboratori ortopedici &€ fortemente limitata dakehto livello di competenze richieste per ottenere
risultati significativi. Inoltre, I'implementazioneli un modello di simulazione numerica richiede
tempo e costose risorse, sia umane che tecnologelncolarmente onerose per i piccoli laboratori
ortopedici. Affinché I'analisi numerica sia utilata nella progettazione delle protesi, &€ necesshgo

il processo di simulazione sia automatico ed irdegrall'interno di una piattaforma virtuale di
progettazione.

In questo contesto, gli obiettivi scientifici spiédisono stati:

e Analizzare criticamente lo stato dell'arteriguardante i metodi e gli strumenti per valutare
l'interazione tra invaso ed arto residuo.

» Identificare le questioni chiave pautomatizzare le attivita di simulazione

« Definire un insieme dregole di simulazioneed ilmodello per I'analisi ad elementi finiti.

« Implementare ed integrare nella nuova piattaformapmbgettazione laprocedura di
simulazione automatica

e Verificare lapiattaforma di progettazione integrata con un caso studio.

e Identificare letendenze di sviluppduturo.
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Le attivita di ricerca sono state organizzate iattyo attivita principali, come di seguito presd¢ata
nello specifico.

La prima attivita € consistita in un‘analisi approfondita dedtato dell’arte negli ultimi due decenni
relativamente ai modelli numerici adottati per #wel I'interazione tra invaso ed arto residuo.
Partendo dalla letteratura, sono stati individutgimi chiave del processo di simulazione (ad esemp
la ricostruzione dei modelli geometrici, la caraizazione dei materiali, le fasi di simulazionéee
condizioni al contorno), nonché le metodologie priecedure di simulazione. Particolare attenzione é
stata posta anche ai parametri comunemente admtatalutare il comfort dell'invaso. Questa fase h
giocato un ruolo fondamentale in quanto costitulackase per I'implementazione della procedura di
simulazione integrata. Ha permesso altresi di exidee come gli attuali modelli agli elementi finit
siano indipendenti e non integrati con i sistemiBCpAer protesi o di Digital Human Modelling
(DHM).

La seconda attivita ha avuto come focus la selezione deglumenti e deimetodi necessari allo
sviluppo del modulo di simulazione, per mezzo dgdligé stato possibile identificare tegole di
simulazione e le procedure di buona prassi fondamentali per I'implementazione di un moduio d
simulazione automatica. Inizialmente, gli strumetitmodellazione sono stati presi in considerazione
in quanto forniscono i modelli geometrici sia penhlisi numerica dell'interazione tra invaso etbar
residuo che per l'analisi della camminata virtudkdl'avatar del paziente. In seguito, particolare
attenzione é stata posta sulla scelta del solwogementi finiti, che e stata fatta in accordo con
risultati ottenuti dai modelli preliminari implemeti utilizzando due diversi solutori: Abaqus
(commerciale) e CalculiX (open-souce). Quest'ultinstato impiegato per verificare la possibilita di
sviluppare una piattaforma di progettazione totalt@eindipendente dagli strumenti commerciali.
Tuttavia, in base ai risultati ottenuti, la scediae indirizzata verso Abaqus, in quanto permette d
gestire in modo adeguato i problemi di simulazioamtterizzati da grandi deformazioni e da difficil
condizioni di contatto. L'utilizzo di questo soluéoconsente di ottenere risultati paragonabili @llgu
presenti in letteratura ed inoltre il suo codicesdript non richiede specifiche personalizzazioni.
L'ultimo strumento utilizzato é stato il sistema DHDigital Human Modelling ) che permette di
aumentare la precisione dell'analisi numerica.aMtrso I'analisi della camminata virtuale dell’arat
del paziente, questo strumento e in grado di ferleidirezioni e le intensita delle forze e delipmie
che agiscono sull'invaso.

La terza attivita ha riguardato ladefinizione dell’architettura del modulo di simulazone,
I'implementazione del modulostesso e del suaterfacciamento prima con lo strumento CAD per
I'invaso (chiamato Socket Modelling Assistant - SMAllo scopo di ottenere i modelli geometrici
delle parti coinvolte (invaso ed arto residuo)jredeguito con il sistema DHM, per acquisire lezéor
che agiscono sull'invaso durante la deambulazicglepdziente. || modulo di simulazione é stato
implementato utilizzando il linguaggio Python entlaiente integrato prevede diverse fasi di sviluppo,
come di seguito approfondito. Una volta che il tearprotesico ha creato il modello 3D dell'invaso,
lo SMA acquisisce gli input per I'analisi (comellmghezza dell’arto residuo, il peso del pazieitte,
coefficiente di attrito, le proprieta dei matenadi rilascia i file richiesti per generare il mddehgli
elementi finiti. Abaqus genera automaticamente dideilo di simulazione senza che vi sia alcun
intervento umano, risolve I'analisi e genera i fii output contenente i valori di pressione. Uiltegi
sono importati nello SMA e visualizzati con una papdi colore. La modifica della geometria
dell'invaso, necessaria nelle aree in cui la poggsieccede i valori massimi, € eseguita in aut@mati
dal sistema o dal tecnico protesico tramite glirsinti virtuali presenti nello SMA. Il sistema, gdi,
riesegue la simulazione. Attraverso questo procéssativo di rettifica, la forma dell'invaso é
modificata ed ottimizzata al fine di eliminare ittesquadri, minimizzare il peso e soprattutto
distribuire i carichi in modo appropriato, cosi d@no tollerabili per lunghi periodi di tempo.
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La quarta ed ultima attivita ha riguardato lsperimentazione e la validazione del modulo di
simulazione integratoall'interno della nuova piattaforma di progettagoconsiderando un paziente
transfemorale. Il nuovo processo virtuale e le tjoeischiave della procedura di simulazione sono
state testate partendo dall'acquisizione dei datimhziente fino al rilascio dellinvaso definitivo
utilizzando anche i dati provenenti dalla simulagaella camminata con il sistema DHM. Il modello
geometrico dell'arto residuo € stato ricostruitat@ado dalle immagini MRI e l'invaso e stato
modellato utilizzando lo SMA. Attraverso un proaesierativo, la forma dellinvaso e stata
ottimizzata fino ad avere una distribuzione appedpr della pressione sul moncone. L’attivita
preliminare riguardante la validazione del modelii elementi finiti € stata eseguita comparando la
distribuzione delle pressioni acquisite sperimenéaite sul moncone con i risultati della simulazione
Per realizzare questo compito, il modello geometdell'invaso reale & stato acquisito utilizzando
tecniche di reverse engineering. Sono state impitate due diverse simulazioni numeriche che
differiscono per il modello geometrico del moncomdottato: attraverso MRI nel primo caso, da
scansione 3D nel secondo. | risultati preliminassgono considerarsi positivi ma ulteriori sviluppi
sono necessari. Ad esempio, alcune incongruenzengjeohe che si sono verificate durante
I'acquisizione del modello geometrico hanno riddét@recisione dei risultati finali. Per completdae
valutazione del modello di simulazione & quindiessario utilizzare un nuovo modello geometrico
del moncone e sarebbe anche auspicabile raffinamedello di caratterizzazione del materiale.

Concludendo, il modulo di simulazione integratdirgiérno del Virtual Testing Laboratory — VTL ha
permesso di migliorare il processo di sviluppo aglfotesi con I'obiettivo di valutare e validare la
forma dell'invaso sotto diverse condizioni di cari¢statiche o dinamiche), prima della fase di
manifattura. La fase di test del nuovo processmbiére dimostrato la fattibilita del nuovo apprdaec
virtuale per la progettazione delle protesi peri guferiori. | test effettuati hanno indicato quali
miglioramenti siano necessari ed i possibili svilufuturi, tra cui: la definizione di un protocolldi
acquisizione dell'arto residuo attraverso MRI orsiane 3D, il calcolo parallelo per migliorare le
prestazioni della simulazione, I'utilizzo di solutopen-source per implementare una piattaforma di
progettazione totalmente indipendente dai sisteomnroerciali, la realizzazione di una massiccia
campagna sperimentale che coinvolga pazienti fkaalste transfemorali al fine di convalidare
pienamente il modello FE e la piattaforma di praggone.

Parole chiave progettazione di protesi, interazione di contdto invaso e moncone, analisi agli
elementi finiti, modelli umani digitali, simulazierdell'analisi della camminata, simulazione intégya
acquisizione della pressione.
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Introduction Context

Introduction

This thesis concerns the design of lower limb pretst devices both of above knee amputees, also
called “transfemoral”, and below knee, called “stipial”. The process and procedures of the
prosthesis design, especially the socket, are artwiimprove the quality of the device, which has
directly consequences on the quality of the ampsitde.

In the following, the context of the research wixloriefly introduced; then, the motivations and th
background know-how are exposed; finally, an ovembdf thesis organization is described.

1.1 Context

The loss of a limb represents a very traumatic eveane’s life. Amputation has important economic
costs and strong physiological effects due to dlss bf functionality. Prosthetic devices represkat
best solution to restore lost functions to indidtiuthat have undergone an amputation after vascula
diseases or accidents. They have a deeply interaetith human body and their functionality,
comfort, and fit, depend on the way in which theide is interfaced with the residual limb.

The most common causes of lower-limb amputation@gpheral vascular disease, diabetes, trauma,
infection, tumours and limb deficiencies [1]. Whitet all causes of limb loss are preventable, the

leading causes of amputation, complications froabéies and peripheral artery disease, can often be
prevented, and then reduced, through patient eiducatlisease management and regular foot

screening.

Unfortunately, amputations involve a lot of peopleund the world and they represent an important
health care cost, both public and private. Theofwithg examples can identify the phenomenon size
about lower limb amputations. In the United Stateshe year 2005, Ziegler-Graham et al. [2]
observed 1.6 million persons living with the logsadimb and they estimated that this number double
by the year 2050 up to 3.6 million. Approximatelye 65% of the cases involve lower limb. In 2005
in Italy, Italian National Institute of Statistiessessed about 3 millions of amputated peoplejdina
250000 of lower limb. According to Italian Fedeaoatiof Orthopaedic Technicians every year there
are 11000 new lower limb amputations, of which 1@@@stibial and 4000 transfemoral [3]. In China,
approximately 600000 lower amputations are perfor@ach year and below-knee amputations are
dominant [4].

The stages from the amputation surgery to a relsiduaer limb stable condition are complex and
long. The surgery is the first step of an amputgtighere it is necessary to choose the best sjrabeg

1



Context Introduction

maintain the remaining functional of the residueild. This phase is crucial for the future of
amputees and doctors and surgeons should recorthidephase as new starting point for the
patient’s lifeand not as a failure of their previou therapies. During the pesurgical phase, the
focus is on the prevention d@ffections and blood curdling. Once tresiduun is stabilized, the
swellings have been absorbed and the injures haakedh rehabilitative therapy takes pace anc
amputees an retrieve the natural movements of their artiooies. Then, the patient starts to wes
temporary prosthesis for a short period of timereéasing day by day the periods of use in ord:
adapt skin and soft tissues to the prosthetic sodket ¢ the end of this healing process it is poss
start to design the final prosthetic socket de\

Nowadays in lower limb amputation, both transferharal transtibial (see exampleFigure 1.1), the
prosthetic devices are modular, that is most ofspare standarcFigure 1.2)and they are select
from commercial catalogues in accordance with p#siecharacteristic The only exception is tF
socket that acts as an interface between the gtisttievice ancresiduumand for this reason
custommade on the basis of the idual limb morphology. The whole prosthesis funcaiity and
comfort depend on the socket, making it the mosical componer; the key issue is the sha
definition in order to ensure the best comfort indhe socket shape has sigcant differencs from
the residuum silhouetté is smaller and itshape allows distributingppropriately on specifics are
the contact pressure due to stresAt present, acket design and manufacture are still perfor
almost in a manual way, starting from aitive chalk cast. The cast can be manufacturedvoiig a
fully handmade procedure or partially based on digital toslgh as CAD/CAM systems. Actual
the product quality deeply relies on the experiemee manual skills of the orthopaedic technis,
causing a high rate of inappropriate prosthetidasvand increasing costs and tir

Figure 1.1 - Examples of lower limb amputees without and with prosthesis: transfemoral (left) and transtibial
(right) [1].
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'

Figure 1.2 - Examples of modular transfemoral (left) and transtibial (middle) prosthetic device, and scheme of
main components of modular transfemoral prosthesis (right).

1.2 Background and motivation

Systematically manufacturiraf high quality prosthetic devices colpermitto limit the physiologica
and psychological impact of amputations, and canthe considerable cost both for health ¢
system and for amputeethemselve. Actually, traditional process depends on ortledic
technicians skills and knowledgeso it is far from being methodicalo overcomethese limits, the
introduction of new appropriate tools and desigacpdures becomes a key issue, as well a
identification of objective design parameters aed practice rules.

Computeraided technologies can play a crucial lin improving design, analysis, and manufactur
products. Unfortunately, custefit products cannot be completely designed usinghodws and tool
developed in industrial fields, bui is necessary to implemeat hocdesign methodologies arto
integrate tools coming from different research amglication fields, such as reverse enginee
medical imaging, virtual prototyping, numerical silation, and rapid prototypir

In such a contextthe V&K research group (University of Bergamo) isvdloping . 3D design
platformfor transtibial and transfemoral prosth: automatingas much as possible design st The
platform is centred on 3D digital model of the amputee anintegratesad hoc tools to acqui
patient’'s data, CAD tools to model prosthesis congmts, human modelling system to perform

analysis, and numerical analysis packaganalyse the sockegsidual limb interaction. Thvirtual

design environment, calle@rostlesis Virtual Laboratoryguides the prosthetic during each des
task providing specific knowledge and rules (esglection rules for standard parts or where and
to modify the socket shape), coherently with tla€littonal procedure

The goal of this thesi®as bee to integrate within the newlesign platform an embedded ¢
automated numerical simulation module that suppgbesdesign process during the assessment
of the prosthetic sockeNumerical analysis allows tpredict the interactiotbetween socket and
residual limb and to compute tlpressures values at the socket-residuntarface. In fact, he
challenge in socket design is to distribute presdoads over desired regions of the residual
according to its morphologymproving the socket fit.

The need to automate the simulatprocessncreases dramatically the difficulty of the worlatlit is
due to the fact that orthopaedechnicians have not the necessary competencesfrm numerica
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analysis. Furthermore, to reach significant redaltdrtual simulations it requires high level skiand
expensive resources, both humans and technologitélin terms of time.

1.3 Thesis organisation

The contents of this thesis work are organizebms.

Chapter 2 analyses the traditional design processmonly adopted for lower limbs amputees and
identifies the limits of this procedure. Then, tiev design approach to develop lower limb prostheti
devices is introduced and described.

Chapter 3 presents a critical analysis of the Sihthe Art of the techniques and the tools thidval
implementing an integrated virtual environment ®sign the prosthetics socket. The main issues
concern: (i) the numerical models to predict theket-residuum interaction in lower limb prosthesis;
(ii) the parameters commonly used to evaluate saxk@fort and fit; (iii) the methods to get in dai
model of anatomical districts. The role of thisiatt was fundamental to identify the basis for the
implementation of the embedded simulation procedure

Chapter 4 focuses the attention on the tools arttiods adopted to develop the embedded simulation
module. Modelling tools have been considered siheg allow creating the geometric models for the
FE analysis and the whole prosthesis model forgdie analysis. To identify the suitable FE solver
able to analyse the residuum-socket interactiomes6E models has been implemented using both
commercial and open source solvers. Digital Humadélling system has been adopted in order to
perform a gait simulation of the patient’s avatad get the forces applied to the socket.

Chapter 5 describes the FEA module architecturdtaridtegration within the platform, concentrating
the attention on the simulation task, the involpéd/ers and the definition of the simulation rulBg.
the use of a Python script, the FE model has bemeated and integrated within the design platform.

Chapter 6 concerns the testing of the new desigrepiure and the verification of the key issuehef t
integration, such as the data exchange among tlirilleoand the automatic execution of the FE
analysis. According to the patient’s data and #mdual limb geometric model reconstructed from
MRI images, the socket has been modelled and Hraatd parts are selected to create the whole
prosthesis model. The socket evaluation has bedorped by the simulation module considering
both the patient’s weight and data coming fromgai simulation performed by the DHM system.

Chapter 7 is dedicated to a preliminary assesswfetite FE model. This task has been completed
comparing the pressure values from numerical aizalyi#th experimental data from the pressure
transducer measurements. A real prosthetic sodksigned by a prosthetist, has been considered for
the experimentation. This socket has been digadliand the geometric model was used for the
numerical simulations. The FE models consideredgemmetrical models of the residual limb, from
MRI and from 3D scanning, in order to investigatavhacquisition techniques influence the final
results.
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Lower Limb Prosthesis Design

Framework

This chapter provides a brief overview of the ttiadal design process about lower limb prosthesis,
and then a description of the new design platfdmparticular, the research work focuses on above
knee prosthesis (or transfemoral - TF) and beloeekfor transtibial - TT). Hemi-pelvic amputation,
toe amputation, partial foot amputation, and disaldtion were not considered.

2.1 Traditional design process

Nowadays, the prosthesis socket design and manufagtare still carried out manually and deeply
relies on the prosthetic’s know-how (skill and esgece). This subjective and static assessment
causes a high rate of inappropriate prostheticogsyiincreasing costs and times.

The socket is the interface between the residuuchthe mechanical part of the prosthesis and
requires a high level of customization to satisiydtional and comfort requirements. The socket
therefore plays a fundamental interfacing roleadudition, the residual limb is subjected to coniuns!
morphological changes and, when a significant tianaoccurs, a new socket has to be made. The
design and manufacture of high quality sockets nfiuii the following requirements: accurate
evaluation of the residuum, perfect close fittiggpd response to forces and mechanical stressy,safe
and no effect on blood circulation.

The traditional design process, schematized inrEigu1, can be divided in four main phases:

e Patient evaluation. During this phase, medical doctor and prosthetisiuate both general
physical and mental conditions of the patient (eage, weight, height, disease, and
psychological condition, such as self-esteem agt@ation capacity) and general condition of
the residual limb (shape, skin, length, bones).ele.addition, the measurement of residual
limb and knee are manually acquired in order tooskothe proper components in the next
phase.

e  Standard components evaluationOnce the general evaluation is completed, thenteizin
selects the better standard components accordinghéo measures and characteristics
recognized in the previous step. Standard partskaee (only for transfemoral amputees),
pylon, foot, adapters, and cosmetic part.
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e Socket manufacture.That is the crucial phase of the development m®because the socket
shape has to be modelled on the basis of the rasidnorphology. The technician realizes
first the plaster cast directly on the patient’sideal limb, manipulating the plaster bandages
in some specific areas, and then a positive plasdst is obtained. The positive cast is
modified, adding or removing material, in agreemaith the residuum morphology and the
characteristics of the patient acquired duringhfphase. In particular, during the modelling
phase, the technicians identifies two differentemon(i) the “load areas”, where the socket
constricts the residuum creating pressure zongstissain the body weight; (ii) the “off-load
area”, where the presence of bony structure orolehdould cause skin or other problems if
pressed and so the socket is wider then load af®ase the positive is completed, the
technician manufactures a thermoformable sockettir on the cast.

After manufacturing the socket, the technician gseembles all the components; then, he/she
verifies the socket accuracy and identifies allassary modifications with the patient. During
this phase, if the adjustments are of minor entiitg,shape changes are applied directly on the
socket, otherwise adding or removing material @ghsitive cast. In the latter case, another
thermoformable socket is produced and a new prenaidy operation is performed. The
manufacturing process of the socket ends when dbkes fits perfectly on the patient’s
residual limb.

e Prosthesis assemblyOnce checked the definitive socket, last phasearois the assembly of
the prosthesis components. During this phase, dheat alignment of standard components,
according to the patient's characteristics and wéaywalking, is fundamental because it
significantly affects the effectiveness of the pinesis device, and, consequently, on the
comfort and its use. The alignment accuracy hasrasfimagnitude less than a millimetre and
it is checked during statics postures or gait cioas. In practice, perform the right alignment
means to find the correct lengths and the propglearof the components. During the static
optimization, the components are aligned throughrécal line in the frontal and lateral plane
and considering the knee as reference point. Ttien,reaction forces, due to the loads
applied, are measured by a dynamometric platforchthe joints are consequently regulated
in order to optimize load line of the leg, refegito the patient’s centre of mass. Any minor
regulations are made inserting special orthoticthiwithe prosthetic foot. Throughout the
dynamic optimization, the technician analyses tladiept's walking and the residuum
movements in different gait conditions; applyingtfier adjustments of the joints according to
his/her observations and the patient perceptions.

Typically, the prosthesis set-up has to be madeast every 4+-6 months, because the device
contains many moving mechanical components thatinegmaintenance, cleaning, or
replacement at some specific intervals and thae fadirectly affect the prosthetic function.
Moreover, the set-up updates allow improving thefithe prosthesis when volume or shape
of the patient’s residuum occur, particularly fregtiduring the first month of wearing a new
prosthesis.
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Orthopedic Laboratory
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ORTHOPAEDIC
TECHNICIAN
ORTHOPAEDIC Assembly of socket &
TFCHNIlCIAN ORTHOPAEDIC standard components
Manipulation of TECHNICIAN
MEDICAL plaster cast & Manufacturing ORTHOPAEDIC
DOCTOR negative plaster of socket & TECHNICIAN
patient cast preliminary Prosthesis set-up
assessment evaluation test
o Standard o Definitive
atient rosthesis ;
evaluation components Socket manufacture T prosthetic
evaluation device
ORTHOPAEDIC ORTHOPAEDIC
TECHNICIAN TECHNICIAN ORTHOPAEDIC ORTHOPAEDIC
Patient Choice of TECHNICIAN TECHNICIAN
lifestyle standard Positive plaster Gait & postural
specification & components cast & shape analysis and
Stump from catalogue s refinement final set-up
morphological
specification
1 /

Figure 2.1 - Workflow of the traditional manufacturing of modular lower limb prosthesis.

2.2 Avirtual approach for prosthesis design

The challenge in prosthetic devices is to manufacam optimal socket shape, which distributes I«
over desired regions of the residual limb, anddentify the correct standard components (suc
liner, knee, pylon, foot, adapters, and cosmeén order to assembly a prosthetic devthat satisfy
the amputees’ requirementBhe analysis of the current prosthesis design daret limb amputee
suggsts that the subjective and static assessment caudegh rate of inappropriate prosthe
devices, increasing costs and tin In addition, the commercial ICT tools, that pattiaigitalize the
socket design process, do not provsupport to the designer or numerit@bls to evaluate the desi
quality.

Computeraided tools and numerical simulat toolshave reached a good level of maturity and c
play an important role in orthopaedic field, espéygiif integrated with each other. These tccould
support the prosthetiechnicians in order to achieve in the prosthasiksta higher quality, a mor
objective design and a faster maacturing process. Actually, their diffusiom limited by nvestment
costs forhardware and softwaiequipment and the lack of human resoumsits high-level IT skills.
Moreover, even if the human resources are availéible,and resources necessary to define the
methodologies and to create @mxurat models represent a meaningful limit.

In such a contdxthe V&K group of University of Bergamo is implemtin¢ a new design platform
that integrates ad hoc tools to acquire patierdats,dCAD tools to model prosthesis components,
standard and custofit; FEA package to deeplanalyse the socket-residuanb interaction, ant
human modelling system to perform gait analysisecBially, the framework works both fi
transtibial and transfemoral prosthesis aris centred on 3D digital modahd characteristicof the
amputee patient. Thenderlyin¢ idea of this approach is that the arskr should be guided s-by-
step during the desigmrocess by system, which suggests rules and proeetiudesign and optimi:
products. Bch activity within the system is supported in direray by the manageint of specific
domain knowledge The knowledge has been acquired by hanc [5, 6], scientific literature
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commercial cataloguef.e., Ossur, Otto Bockand a strong interaction with technical staff ¢
qualified orthopaedic laboratory. This has allovidentifying design rules and best practice stand
of each process task.

The platform, calledProsthesisVirtual Laboratory (PVL) (Figure 2.2)provides the prosthet
technician a set dhteractive tools to desic configure andest the prosthesis. It comprehends
main environments: (i) the Prosth¢ Modelling Laboratory (PML) and (i) the Virtual Tesg
Laboratory (VTL). The first permits to configure cagenerate the thr dimensional model of tk
prosthesis, whereas the seccaaltbws the prosthetisto virtually set up the artificial leg and
simulate the patient’'postures and movemer validating prosthesis functionality and configuoat
The backbone of VAL is the digital patier's model, composed by a biomechanical model and af:
patient’s data (such as physical and physiologibalracteristics, anthropometric measurements
health conditions). YL manages the entire design and testing processidan the rules ar
knowledge of the experts that are implemented into tistesy

CAD
Commercial 30 CAD systems {SolidEdge) for
prosthetic components modelling & assembly

DIGITAL SOCKET MODELLING ASSISTANT
PATIENT ad hoc SW module for socket modelling

GEOMETRIC
adhoc SW module for reconstructing
3D model of bone and soft tissues

PATIENT'S
CHARACTERISTICS

Anthropometric
measurement

Merphological
specification FEA
Commercial FEA system {Abaqus)

for socket-stump interaction analysis

Lifestyle

DHM
Commercial system {LifeMOD)} of
biomechanical digital humans & simulation

Figure 2.2 - Prosthesis design platform and the associated modules.

The Prosthesis Modellingab (PML) isthe environment where the orthopaetichnician can desic
the whole prosthesis for both transtibial and trem®ral ampute«. S/hedirectly creates the 3D
socket model ontche residual limb digital modwsing a dedicated CAD todrhe system guidese
prosthetic during each design task, coherenith the traditional procedures.

The Virtual Testing Lab (VTL)nteracts with PML to aess the prosthesis des. It should permit to
evaluate automatically or semittomatically the socket shape thanks tointegration ofnumerical
simulations toolssuch as Finite Element Analy. Moreover, by the use of HumaiModelling

systemsi,it allows to virtually set up e artificial leg and simulate patient's posture awalking,

validating prosthesis functionality and configuoat

Through an iterative process between PML and VTurenments, the socket shape and the
alignments of the assembly are optimized. 'socket shape is modified and adjusted by prost
technician untilthe loads distribution on thresiduumis consistent with the adopted paramet
removing undercuts and minimizing weighthe alignments between the assembled element
modified acceding to the patient’'s way of walking in order teach the better cadence during
walking.
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A virtual approach for prosthesis design

The PML environment has been implemented duringipus research activiti [7, 8] and PhD thesis
[3]; while the developmenof the Virtual Testing Laboratory is ttspecific purpose of this thesis
work. In particular, | focused the attention on the depelent of thenumerica analysis module for
simulating the contact interaction between socket gesidual lim, making it more automed as
possible. Moreover, the numerical slation has been integrated with tBéyital Human Modelling

system to reactihe dynamic forces the act on the socket duringétient’swalking.

Figure 2.3describes the workflow and modules interaction loé wirtual approach; whilehe

following paragraphs descrilblee modules functionalitiesomposing each environm.

Prosthesis Virtual Laboratory

.

'\
Prosthesis ModellingLab
MRI or CT CAD SMA CAD
stump 3D model 3D virtual socket Assembly of socket &
acquisition creation of modeling standard components
—
standard ; I SMA
components 1 [—
GEOMETRIC I nteriace
3D stump i : pressure
model 1 1 evaluation
1 I ’
reconstruction : 1 ,
i
Standard .
. . Socket Prosthesis
Patient evaluation components .
i design assembly
evaluation
Stump H i 1 i : :
morphological V| l\ s | :
specification N H 1 N :
FEM === DHM -
Patient Choice of Analysis of y——— Gait & postural
lifestyle standard socket-stump ¢ I | analysis of Patient avatar
specification components T “w——2 | patient avatar with the
prosthetic
Patient data device
acquisition
Virtual Testing Lab
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Figure 2.3 - Workflow and modules interaction of the new design platform for modular lower limb prosthesis.

2.2.1 Prosthesis Modelling Lab

The Prosthesis Modellingaboratoryintegrates three main modules:

e The Geometricmodule,implemented ad hoc to reconstruct automatic3D detailed model
of residual limb,starting from the 2D images acquired with I. The 3Dresiduum models
(bones and soft tissues) are generédn a neutral format (IGBES which permits dat
exchange among the modules composing the desigfiorpla The reconstruction procedt
consists of three different phases: image-processing, voxel segmentation, 3D mo

generation [9].

e The Socket ModellingAssistar (SMA), implemented ad hoc to model the socket dliye
around the digital residual limb, following rulesdaprocedures, which replicate the activi
performed in arorthopaedi laboratory It embeds a set of design rules and procedurgs
where and how to modify the socket shape) that amuhe operations performed by
prosthetist during the traditional manufacturingqess. The technician is guided -by-step
by the system thaapplies in automatic or se-automatic way rules anmodelling
procedureskor exampleSMA makes available a set of interactive virtuallso(e.g.,Surface
Tool or Sculpt Dol) that permit to manipulate the socket shapeoralicg to traditiona

procedures [8].
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The commerciaBD CAD systen{SolidEdge) selects standard components, configarel
assembles all prosthesis components. It permiteterate the 3D parametric models of the
standard parts according to patient’s physical attaristics (such as weight and height) and
then to compose the final assembly, considering bostom part and standard elements. The
3D model of the assembled prosthesis is crucialitoally study the prosthesis set-up and
patient’s walking [3].

2.2.2 Virtual Testing Lab

The Virtual Testing Laboratory provides a seconduel environment where the orthopaedic
technicians should test and validate the prosthimsitce, created and configured using the PML. It
incorporates two main modules:

10

The Digital Human Modelling systerfiLifeMOD), that allows to realize a complete anmgris
digital model (the patient’'s avatar) and simuldte patient’s gait. The idea is get geometric
and/or dynamic data to identify gait deviations &mdes acting on the socket. The prosthesis
set-up means finding the correct components aligisneanalysing and assessing the gait
cadence. Wrong configurations, in terms of intéfgangles and parts lengths, cause bigger
asymmetry in walking.

The Finite Element Analysis solvgfAbaqus) to simulate and to analyse the interactio
between the residuum soft tissues and the socKeinvarder to achieve a socket shape that
ensures better fit and comfort on the basis ofduesn’s morphology. Socket evaluation is
made by analysing the interface pressure in clitegion. Pressure values should not exceed
the respective pain threshold in order to be ttéerdor a certain time period. So, this tool
allows predicting pressure distribution over reaidimb surface considering different loads
acting on the socket. The static load is equalatiiept’s weight, while the dynamic loads are
acquired from virtual gait performed with LifeMOD.
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State of the Art

Modern imaging techniques, computer-aided tools randerical analysis can support the prosthetic
technicians in order to achieve in the prostheditkst a higher quality, a more objective design and
faster manufacturing process.

The chapter presents the analysis of the Stateeoftt related to the three main issues of thisithe
techniques to acquire the residual limb geometaynerical models for finite element analysis, and
evaluation parameters to assess the socket shhpdadt issue has been fundamental to identify the
procedure and the rules to implement the autonmatiserical simulation model. This phase played a
fundamental role since it constituted the basistlfier implementation of the embedded module that
automatically execute the simulation of the sockstduum contact interaction without the manual
intervention of the prosthetist. Moreover, thishatt permitted to highlight that current finiteeghent
models are stand-alone and not integrated withtlpetis CAD or Digital Human Modelling (DHM)
systems.

3.1 Patient’s digital model

Detailed 3D models of the residual limb (skin, stfisues and bones), socket and liner (when
considered) are fundamental to run a numericalyaisal which allows predicting the interaction
between prosthetic socket and residual the limke fight geometries and correct alignment among
parts have an influence on the quality of simutadiand convergence of results [10].

Digital imaging and reverse engineering technicpllEsv obtaining the required digital models, taking
into account the real morphologies of the residulihese systems can be classified according to the
capability to acquire internal and external paas,Zheng et al. [11] did in 2001. They listed and
analysed all the possible techniques to acquiréh boher (water immersion, circumferential
measurement, contacting methods, Moiré contourdgralaser video scanning, silhouetting, hand-
held digitizer and scanner) and outer geometriesayxand computed tomography, magnetic
resonance imaging and ultrasound) of the residodd, land, eventually, also the socket. However
some technologies have become obsolete, others l@me improved and new ones have been
developed, speeding up the process and incredstrdgtails.

In the following paragraphs, the solutions, foundliterature, are reported and analysed. Digital
imaging systems are mainly oriented to get the Bdal models of the residual limb, but they can be
used also to reconstruct the inner socket shapsarire research works, the socket model has not been
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shaped within a virtual environment, generally aBC8ystem, but it has been reconstructed starting
from an existing one.

3.1.1 Residual limb model

Different techniques are available to acquire maand external parts of anatomical districts.l@ab
3.1 summarizes some characteristics of the masiséidl 3D imaging techniques available on market.

Table 3.1 - Characteristics of 3D imaging techniques.

Inner Bone
Technique Physical property adopted tissue structure Harmful
detection detection

Internal acquisition

MRI Magnetic field Yes Yes No
CT X-Ray Yes Yes Yes
PET y-rays, Electron positron annihilation Yes Yes Yes
SPECT y-rays Yes Yes Yes
Ultrasound Ultrasound Yes Yes No
External acquisition

Laser scanning Triangulation of reflected light source No No No
Structured light Triangulation of reflected light patterns No No No
Stereophotogrammetry Photography at different angles No No No

In the following a brief description of listed tedhues is provided, subdivided according to the
capability to acquire or not internal geometries.

Internal geometries

Biomedical imaging, or diagnostic imaging, includdsthe medical systems used to create internal
images of the human body, and main techniquesdaguieng residual limb parts (bone, muscle, soft
tissue and skin) incorporate Radiology, Magneticsd®d@ance Imaging, Nuclear medicine, and
Ultrasound. These noninvasively methods generatgsesection images of the human body and it is
possible to reconstruct and to visualize 3-dimamalg the inner organs and apparatus by the use of
computers.

Computed Tomography

Computer tomography (CT) is a part of traditionadliology. It utilizes a wide beam of ionizing
radiation, in the form of X-rays, in conjunctionttvia computer for image acquisition. The 3D model
of the residuum, both soft and hard tissues, carebenstructed starting from 2D images obtained
transversely to the limb axis using CT [12]. CTabs better results than traditional radiology with
regard to diagnostic imaging of soft tissue, bubhgs quite high radiation dose for the patient. In
literature it is documented that CT can reach aigien of 0.88 mm and an accuracy of 2.2 mm [13].
Compared to an axial CT, a helical CT offers fastamning (less than a minute is heeded to obtain a
full scan for a multi-section CT [14] against thd @ minutes normally required [15]), a reduction of
the motion artefact, continuous slice acquisitiiovdng image slice interpolation [16], as well as
better images quality with a lower dose of X-ra¥Z][ In CT images, there is a correlation between
the Hounsfield units and tissue density, and thiswa a simpler automatic segmentation using
thresholding and a sufficiently accurate 3-D geaynfetr numerical analysis [15].

Actually, CT is associated with other nuclear malitechniques that use gamma ray, in particular
Single Photon Emission Computerized Tomography (SBEand Positron Emission Tomography
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(PET). SPECT and PET images are reconstructedtiolgtdbe gamma rays emitted by a short-life
radioisotope injected into the patient. This simoéous acquisition ensures registration and image
fusion of metabolic and spatial information [18]daallows to obtain advantages such as scan time
reduction and improvement of longitudinal resolntid9]. PET images have higher signal-to-noise
ratio and a better spatial resolution (~2mm) th&EGST images; however, PET systems are much
more expensive [20].

lonizing radiation (x-rays oy-ray) have sufficient energy to ionize atoms andecwes within the
body, causing serious and lasting biological damage adsorbed dose, measured per unit mass of
body, is usually considered acceptable, but itctiyridepends on the time of exposition [20].
Frequently expositions and extensive scanned égadgo increment considerably the adsorbed dose,
making this technique harmful and then unsuitable.

Magnetic Resonance I maging

Magnetic Resonance Imaging (MRI) exploits a strovagnetic field to align hydrogen atoms in water
molecules. The atoms alignment creates a measuathking magnetic field that changes according
to the transmitter radiofrequency. The cross-sacimages can be reconstructed thanks to the
successive changes in the radiofrequency fielhefttansmitter [18]. The contrast resolution of the
images can be improved changing the nature anddimi the radiofrequency pulses. It depends on
different factors: proton density of the tissuds spin-lattice relaxation time or T1 (the rapiduty
protons to come back to the original alignment) gredspin-spin relaxation time or T2 (the rapidify
destruction of tissue magnetization) of variousués within the body; and, flow and diffusion effec
[20].

Similar to CT, MRI requires the patient to adogiaizontal position. This posture suffers the effec
of gravitational forces on soft tissue distributioh the residuum in connection with the skeletal
structure. Nowadays, alternative MRI scanner desigach as upright systems, allow the patient to be
acquired also in vertical position, avoiding thét sigsues flattering. MRI images look similar t&ca
image, but in MRI images bones are dark. MRI presidhigh-resolution images that show a clear
difference between the tissues. However, it is egppe and requires a long scan time: for the whole
residual limb, a compromise solution between detaild scan time (less than 10 minutes) is obtained
by using a slice thickness of 2 mm associated &ishmm of in-plane resolution [21].

Because of the strong magnetic field created dusimgRI, metal objects can move and provoke
harms to the patient’'s tissues. Due to that, itukh@void wearing metal objects and particular
attention has to be paid in patients that have Infretgments or chips into their body, due to presgio
operations/accidents. In prosthetic field, Torresrdho et al. [22] went into deep of the advantages
and disadvantages of MRI for 3D models in finitereént analysis. They obtained cross section
images of residual limb inner structures, which ¢teatp the theoretical evaluation of soft tissue
behaviour under load and prediction of the stretesface.

Ultrasound

Like the previous techniques, ultrasound imagingegates cross-section images of the human body,
using high frequency sound waves. While scannihg,itnages tend to overlap each other so the
quality of these has to be improved by piecing tiogiedifferent directions [23]. During the past gga
commercial scanning systems have improved theiuracyg. As reported in literature, the pixel
resolution is increased from 3 to 0.5 mm, but 1 seems to be the right limit to reduce patient
movements to a minimum [24].

The scan time is relatively high in landscape méae.a typical system, image acquisition takeselac
every 10 degrees, vertical sections are giventatals of 3-5 mm, the digitization time for eaehé|
is 12 seconds and the total scanning time is ab2tt5 minutes, depending on the length of the
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residuum [23, 25]. A vertical acquisition mode Hmesen developed to improve the scanning speed
[26]. For a 26 cm residuum, a vertical scan mag t@bout 80 seconds and the skin surface acquires a
resolution of about 2.5 degrees in the transversetbn and a resolution of about 28 points/crthe
longitudinal direction [26]. Each residuum movemdating the scan may damage the image which
has to be reconstructed later: the motion compemsatethods are reported in the literature [27].
Douglas et al. [24], in their review on ultrasounthging in lower limb prosthetics, noticed that the
images generated with this technique do not allodetbction of muscle contours and has a low
quality, if compared with MRI and CT.

External geometries

Besides diagnostic imaging to analyse internal huperts, there are techniques to acquire external
parts. These techniques measure and acquire dxsemfiaces of the human body, allowing precise
and repeatable acquisitions with high accuracyhout direct contact with the human body and quite
short acquisition times (few seconds). These systbased on optical triangulation and time delay of
the light signal, can rebuild an object by measuthre time required for a light spot to bounce back
from the objects in the scene. When the informaisodirectly derived from the illumination of the
scene and from the reflection of the object, oneakp of passive methods, otherwise of active
methods when a specific light source is used. Sawemples of these are: stereo vision,
photogrammetry, structured light and laser scanf8y The latter technique is the one mostly used
by the CAD/CAM prosthetic systems available onrtiaket to design the socket shape [29-31].

Laser scan

Laser scan bases on the active triangulation plmdiecause it uses a light source the laser b&am.
sensor captures the back scattered beams as goigte or laser stripe, and, then, the scene isnsch
and the object surfaces are reconstructed by mefasenple geometric considerations. Laser scan
systems are quite diffused method available thaokgheir accuracy and relative insensitivity to
illumination conditions and surface texture effd@8]. These systems are usually composed by more
than one laser source, light sensors and a motiptue system. This because the reconstruction of
the whole object requires more acquisitions froffedent angulations.

Structured light

Structured light is the process of projecting anplapattern of non-coherent light (often grids or
horizontal strips) onto an object and it is basedh® active triangulation approach. Accordinghe t
deformations of the light pattern striking the ajesurfaces, the system elaborates the surface
information of the objects acquired by a cameraragdnstructs the scene, calculating the distahce o
every point in the field of view. Structured lightanners scan contemporarily multiple points or the
entire field of view. This makes this technologytquast.

Stereophotogrammetry

Stereophotogrammetry system is based on the passingulation (no external light source are used)
and it permits to capture and then reconstructstieme just adopting at least two cameras. The key
problem is the identification of common points withe image pairs and the quality of the shape
extracted depend on the sharpness of the surfatedg28]. The acquired data have a low level of
accuracy and the use of the method is limited écsthtic scene because to achieve the complete scen
it is necessary to use a sequence of images fréferafit point of views. On the other hand, the
process is simple and low cost.
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3.1.2 Prosthetic socket model and liner

The 3D socket model represents the second fundathrerhponent necessary to perform a numerical
analysis and it can be obtained in two ways.

The first method is to reconstruct the inner sockleape through the use biomedical imaging
techniques. For example, Sanders and Daly [55]Fanistini et al. [19] obtained the socket 3D model
respectively from Magnetic Resonance Imaging anch@ded Tomography.

In the second method, starting from the residuurfasa of the patient previously acquired, the inner
surface of the 3D socket model is obtained as fewdf the residual limb external surface and then
is modelled. The modelling phase is performed bsoercial specific prosthetic software or by
commercial CAD tools (e.g., Rhinoceros, 3-mati@slid Edge, or Solid Work). In academic field,
during the last two decades, Facoetti et al. [8] Rogers et al. [32] implemented a specifically CAD
software to design lower limb prostheses.

As mentioned before, there are commercial softwaaekages generally aimed at manufacturing
orthoses and socket prostheses [29-31, 33-36] alat creating the 3D socket model onto the
external shape of residuum digital model (acquibgdreverse engineering technique) using also
standard libraries. The virtual model generatesuissequently used to produce positive models with
CAM systems and CNC machines. The checked sockkeimoformed on the amended shape of the
residual limb. To create the socket prototype @&Damodel, the majority of these devices consider
only the external shape of the limb, using revensgineering techniques such as laser scanning or a
digital camera. This type of solution is convenidrim the viewpoint of costs and times, but
precludes the possibility of including bony struetin the digital model necessary to perform atdini
element analysis.

Commercial CAD/CAM prosthesis systems permit toatwethe 3D model of the socket but do not
provide any type of numerical analysis. Table 3sisland compares some prosthetic CAD/CAM
tools, taking into consideration the acquisitionhteéique, the acquired data and the residuum-socket
modelling for transtibial and transfemoral prostwes

Another important element related to the prosthsticket is the liner: a sock usually made of sileeo
worn on the residuum. It provides skin protectioml #educes friction between the skin and socket,
creating a more comfortable interface. It alsovedlabtaining a better distribution of the loaddragt
on the socket according to its material stiffnddee digital liner model can be obtained as an ofie
the outer residuum surface or of the inner sodkaps, or by combining different reverse engineering
techniques. In fact, it is barely visible in comgaditomography or magnetic resonance imaging [37].
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Table 3.2 - Some CAD/CAM prosthetic systems available on the market [3]

Company

Specifications

BioSculptor

Acquisition
Technique

Laser scanner with 2 cameras, a miniature transmitter for the body
and scan through-glass technology, or manual measurements

Acquired Data

External shape of AK and BK residual limb

Residuum- AK: starting from library template - external shape of the socket
Socket AK/BK: using oblique, transverse and circumferential measurements
Modelling - automatic generation of the checked socket
Acquisition .

q . Laser scanner with 1 or 2 cameras
Technique

Acquired Data

External shape of AK and BK residual limb

BK: proximal brim and shape utilities help to transform areas

M1

{

[1l4

Residuum- .
CAD systerns SocLeL;u anywhere on the acquired shape - external shape of the socket
. AK: standard shape from library, tool to change volume, length,
Modelling .
circumferences - model of the socket
Acquisition . N -
. Structured light projection, digital camera or manual measurements
Technique

rten

Acquired Data

External shape of AK and BK residual limb

BK: on the geometry of the residual limb in defined areas you can

o= Residuum- apply compression or create build-up areas = external shape of the
Socket socket
Modelling AK: the desired shape is created using a protocol based on manual
measurements - positive model of the socket
Acqms_ltlon Manual measurements
Technique

Acquired Data

External shape of AK and BK residual limb

f‘l utions Resid BK: calculates circumferences and volume of the residuum and allows
estauum modification of the acquired shape - positive model of the socket
Socket - -
. AK: measurements taken from the residual limb - model of the
Modelling
checked socket
ACQUIS'ItIOrI Laser scanner with 1 camera
Technique
RODIN-b Acquired Data  External shape of AK and BK residual limb
- i -
Esz:(delium AK/BK: starting from a shape library, adding check measurements,
. checking volume and circumferences = positive model of the socket
Modelling
Acquisition Manual measurement and an appropriate proximal brim
\\\\“‘ Technique pprop P
Acquired Data  External shape of AK and BK residual limb
, Residuum- AK/BK: fitting an appropriate brim to the patient and taking
Vorum Research Corporation Socket circumference measurement, supported by a variety of socket styles
Modelling - model of the socket
Acquisition Structured light scanner, electromagnetic tracing device or manual
Technique measurements
<)), .- Acquired Data  External shape of AK and BK residual limb
WillowlDood —= d
Residuum- . .
Socket AK/BK: tool to change volume, length, circumferences = positive
. model of the socket
Modelling

KEY: BK — Below Knee (transtibial) amputation; AK- Above Knee (transfemoral) amputation
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3.2 Numerical models

Computer Aided Engineering (CAE) tools are becomingre and more important in different
industrial contexts. They permit to reduce cost$ @evelopment times; improve safety, comfort, and
durability of the products; and decrease the nundfephysical prototypes. These tools can be
employed in the development of lower limb prostbesi particular to investigate and to understand
the interactions between the socket and the residuu

Since the late 1980s, the numerical analysis haa beed to study and simulate interaction between
the soft residuum tissue and the hard socket Wallreported in some state-of-the-art [11, 38-41],
simulations were mainly performed using the Filitement Method (FEM) because it allows getting
the deformations and the stress states in parédearents subjected to load. To analyse the socket-
residuum interaction, general-purpose FE packages., (Marc, Nastran, Ansys, LS-Dyna and
Abaqus) have been useattfacto, open-source software or in-house codes haveewt bonsidered.

In recent years, some researchers have considerade of artificial intelligence and soft compgtin
together with standard computational and experiadetgchniques [42-45]. Neural networks are
increasingly used to solve different engineeringbems of artificial intelligence; in particulam i
those contexts where the data may be partiallyriact or where there is no analytical models &dle
deal with the problem. Although neural networks @bpée to partially overcome the problems of model
characterization, they require a significant depelent work. Specifically, the network must be
trained through the use of examples in which thput® and output are known. The neural network
behaves as black box, since it is no possible axplaut-output association, and its success depend
on creator’s skills, since there are no theoremsadels enabling optimize it. In prosthetic fiellde
method requires an initial phase to find the relahip between the surface strain and internal
pressure by measuring the strain response on ttketsdue to the know pressure load. The socket
strain is measured with a strain gauge transdwucer,for each patch in which the socket surface is
subdivided. Then, the artificial neural network tigined according to experimental results and
determines an algorithm able to simulate sockethiesn interaction.

Another approach, that deserves mention becaiseitlely used for visualization purposes and real-
time simulation, is particle-based modelling. Ttashnique may be computationally convenient, but
requires discretization of the continuum in ternismass-spring elements, which is difficult to set
according to mechanical properties of skin and tssstie.

The choice of using FEM seems to be the right opt obtain better qualitative and quantitative
results than particle-based modelling [46]. FE ws&d can provide information on the stress/strain
distribution at the residual limb and socket irded, allowing the prosthetists to make their denisd
reach the optimal design. However, for complex n&den accurate solution is affected by [38, 47,
48]:

« Difficulties in arranging the three-dimensional gedry of the limb as well as the exact

distribution of the soft tissue around the bongéhefresiduum;

* Non-linear behaviour of biological tissue that umgies large deformation;

»  Contact conditions between the socket and residuum;

« Evaluation of material mechanical properties;

e Values and direction of the loads within the model.

Over the past two decades, improvements to FE radudele been made to overcome various model
limits [11, 38-40, 49, 50]. For example, biologicalit tissues are usually characterized usingeatin

material model; however, they have non-linear, agdastic, time-dependent and anisotropic
behaviour. Some studies have been developed hggticeind viscoelastic material models [51, 52].
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Other researches [10, 53, 54] introduced inertgmtact problems and friction, or tried to better

identify discretization elements. Silver-Thorn dt B9] summarized experimental measurement
investigations, identifying associated limitatiorsd presented an overview of various computer
models used to examine the residual limb interf&axhariah and Sanders [50] investigated the
mechanical behaviour at the interface between soamkéd residual limb in detail, considering the

sensitivity of the FE models and comparing the Btirates of interface stress against experimental
data from various analysts.

From the analysis of the State of the Art someikeyes have been identified to meet our goal. They
are: residuum and socket geometries, mesh gricerrahtmodelling and characterization, boundary
conditions, and analysis steps. Even if, reseamtikswvere mainly related to the transtibial ampsitee

| tried to generalize also to the transfemoral sase the following paragraphs these key issues are
described.

3.2.1 Geometries and mesh

As previously stated, the necessary 3D modelsteresdcket and the residual limb, in terms of soft
tissues and bones, and liner when considered. TalBlesummarizes the acquisition techniques
adopted by researchers to get the geometries. Qethplomography and Magnetic Resonance
Imaging are the most widely used technologies tpuime both bone structure and soft tissue; Laser
Scan is mainly adopted to reconstruct the exteshape of soft tissues; and, the socket model is
achieved by the use of CAD system. Unfortunately,Silver-Thorn et al. [49] assessed, not all

reconstruction techniques for the internal geometrg completely safe, above all X-ray and

tomography techniques which expose the patiemrtizing radiation.

Table 3.3 - Source of geometric data.

Authors Bone structure Soft tissues Liner Socket
Colombo et al. [55, 56] CT/MRI CT-MRI/LS - CAD
Lee and Zhang [57] MRI MRI Offset Socket CAD
Faustini et al. [47] CcT CcT CcT CcT
Frillici et al. [46] MRI LS - CAD
Goh et al. [48] AS LS - CAD
Jiaetal. [10, 53] MRI MRI Offset Socket (?) CAD
Kistenberg et al. [58] MRI MRI MRI CAD
Kovacs et al. [15] MRI MRI - CAD
Lacroix and Ramirez Patino [59] CcT LS - LS
Lee et al. [54] MRI MRI SW CAD
Lin et al. [37] CcT CcT Offset Socket CcT
Portnoy et al. [60-62] MRI MRI - MRI
Ramirez and Vélez [63] CcT LS - LS
Wu et al. [64] CcT CcT Offset Residuum ?
Zhang and Roberts [65] X-ray Offset Socket Offset Socket CAD

LEGENDA: CT — Computed Tomography; LS — Laser Scan; MRI — Magnetic Resonance Imaging; X-ray — X Ray;
CAD — dedicated CAD systems; ? — Not clearly specified.

Colombo et al. [55, 56] evaluatedree different equipment and techniques (lasenrsera CT and
MRI) to obtain the residual limb digital model andentify the most suitable for a detailed
reconstruction. They described a mixed model obthiby integrating MRI and CT images for
internal part and laser scanning data for the SKire. model reconstructed from laser-scanning allows
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the acquisition of high quality morphological dé&de.g., scars and abrasions). CT models have good
quality for 3D bone reconstruction, while the ertedrsurface is not sufficiently adequate for skin
representation. Finally, they used MRI data to gateedetailed representations of internal softigss

The use of different sources required the corresitipning of the different parts in the complete
geometric model, because the alignment among haws a significantly influence on the quality of
simulations and convergence of results, as obsdsyddn et al. [10]. To face this task, Colombo et
al. [55, 56] used markers during the acquisitioag@s, but their positioning is not trivial issuedugse
the acquisition of external and internal parts wiyee at different times.

The digital model of the liner can be obtained atset of the residuum model or by combining
different RE techniques. The socket liner is inealvin humerical simulation only in few cases that
tray to understand its behaviour within the sockebm the study by Lin et al. [37], liner key rake
the redistribution of stresses and interface pressocomes to light. It emerged how a less rigidrlin
increases the slippage distance between the residnd socket, but without ensuring a reduction of
peak stress. This rather complicated behaviouuéstd the combined effects of non-uniformity of the
socket shape and of the different sliding distameesed by the different stiffness of the liner.

Meshing step is very important since it influenttess accuracy of the FE model. Subdivision topology
can be carried out with different elements and wagh(manually or automatically), according to the
solver. Table 3.4 resumes the main characterisfiadhe FE models used (model size, nodes and
elements and type), the mesh generation (autowmtimanual) and the solver used to analyze socket-
residuum interaction.

Table 3.4 - FE models and solvers.

Model size Mesh

Referents Elements Nodes generator Solver
Colombo et al. [55] - - Automatic LS-DYNA
Colombo et al. [66] 23460 — C3D4/S3R 5323 Automatic Abaqus 6.9
Faustini et al. [47] 38855-10T 66858 Automatic |-deas
Goh et al. [48] 9477-10T 14140 Automatic  ANSYS
Jia et al. [10, 53] 22301-4T 6030 Automatic Abaqus 6.3
Kistenberg et al. [67, 68] 549327 - C3D4 647565  Automatic Abaqus
Lacroix and Ramirez Patifio [59] 300000+480000—-T - Automatic Abaqus 6.10.2
Lee and Zhang [69] 18794 T - Automatic Abaqus 6.4
Lee at al. [54] 22301 -T - Automatic Abaqus 6.3
Lin et al. [37] 11788 -Tand B - Automatic ANSYS 5.5
Portnoy et al. [70] Up to 40855 SFM3D4, - Manual Abaqus 6.8
C3D10M, M3D3, M3D6
Ramirez and Vélez [63] 35000+221000 — C3D4 Automatic Abaqus 6.9.2
Silver-Thorn and Childress [71, 72] 1688-8 T 2221 Manual MARC
Senders and Daly [73] 840-8B 795 Manual ANSYS
Tonuk and Silver-Thorn [51, 52]* 328+490-4Q 383+562 Manual MARC
Torres-Moreno et al. [22] 26282 —-Tand E 1962 Automatic Abaqus
Wou et al. [64] 12320-8E 12368 Manual ANSYS 5.6
Zachariah and Senders [74, 75] 1826-4Q 2386 Manual MARC
Zhang and Roberts [65] 8B - Manual Abaqus
Zhang et al. [76, 77] 2304 - C3D8/6 2421 Manual Abaqus

*FE model only used to characterized soft tissues

KEY: Element type: T-Tetrahedron; Q-Quadrangle; E-Hexahedron; B-Brick
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To simplify and reduce the computational time, Sarahd Daly [73] used different types of mesh: 8-
node isoparametric brick elements for soft tissuas$ quadrilateral liner shell elements for the sbck
and beam elements for the shank. No elements vesrerated for the bone and knee joint because
they assumed these surfaces to have zero displatefwe the same purpose, Colombo et al. [66]
used 4-node tetrahedral elements for soft tissmeshb@nes and triangular shell elements for the
socket. Ramos and Simoes [78] compared tetrahdidedr elements with hexahedral quadratic
elements in their numerical analysis of femurs.yTtencluded that the former allows results closer t
the theoretical ones to be obtained, while thelatéem to be more stable and less influencedéeby th
degree of freedonof the mesh. Faustini et al. [47] subdivided thetpasing an automated mesh
generator through a 10-node parabolic tetrahedthlthe Delaunay option.

Automated mesh seems to be obligatory to discretiraeplex shapes, such as bones, residuum and
socket, in the correct way. The shape of the eléenseset according to the algorithm used. The
geometric order and the mesh size determine thepuetational cost of the FE model: the more
sophisticated the model is in terms of degreeseafdom, the longer the time needed to solve it is.

3.2.2 Material properties

To define a true distribution of stiffness in the model, each composing part (bones, soft tissbes,
socket and sometimes the liner) must be charaetkitig/ different mechanical properties. In most
cases, model properties were assumed to be linefadyic, isotropic and homogeneous and they are
described by specifying Young’'s module and Poissoatio. Table 3.5 reports material properties
found in literature.

Colombo et al. [66], Lee and Zhang [69], Sendeds @aly [73], Silver-Thorn and Childress [72] and
Zachariah and Senders [74] considered bony steietsirigid or fixed, whereas Goh et al. [48], dia e
al. [10, 53], Lee et al. [54] and Wu et al. [64%amed a fixed socket. For the bone structure, cammo
value of Young’'s modulus E is 10000 or 15000 MPthwai Poisson’s ratie equal to 0.3 [10, 37, 46,
48, 53-55, 63, 79]; for the socket, E is usuallypsidered lower than 15000 MPa androm 0.3 to
0.39.

Young’'s modulus for soft tissue is around 0.2 MRéjle Poisson’s ratio is 0.45 or 0.49. Only
Zachariah and Senders [74] assumed E equal to O/&& Lin et al. [37], Zhang et al. [76] and
Zhang and Roberts [65] considered a more refinedeinéor soft tissues, subdividing them into
specific regions, such as patellar tendon and fagbldepression. To consider the stiffening of soft
tissue during the load bearing condition [80], Fimi%t al. [47], who used a linear model material,
increased Young’s soft tissues modulus by 25% whezepre-stresses were the highest (e.g. in the
patella-tendon region [65]).
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Table 3.5 - Material properties used in literature.

Referents Bone structure Soft tissue Liner Socket
E[MPa] v E[MPa] v EMPa] v E[MPa] v
Colombo et al. [55] 10000 0.3 0.2 0.49 - - 15000 0.3
Colombo et al. [66] Rigid 0.2 0.49 - - Rigid
Faustini et al. [47] 15000 0.3 0.2-0.25 0.49 0.38 0.39 1600 0.39
Frillici et al. [46] 10000 0.3 0.2 0.49 - - 15000 0.3
Goh et al. [48] 15500 0.33 0.105 0.499 - - Rigid
Jiaetal. [10, 53] 10000 0.3 0.2 0.49 0.38 0.39 Rigid
Kovacs et al. [15] 73000 0.3 Non Linear - - 30000 0.3
Lee et al. [54] 10000 0.3 0.2 0.49 - - 15000 0.3
Lee & Zhang [69] Rigid 0.2 0.45 - - Fixed
Portnoy et al. [61] Rigid Non Linear - - 1000 0.3
Ramirez and Vélez [63] 15000 0.3 0.2 0.475 - - 1500 0.3
Senders & Daly [73] Rigid 0.131 0.49 1800 0.39
Silver-Thorn & Childress [72] Fixed 0.06 0.45 0.38 0.49 10000 0.3
Wau et al. [64] 15500 0.3 0.1+0.4 0.49 1 0.49 Fixed
Zachariah & Senders [74] Rigid 0.965 0.45 - - 1000 0.35
Lin et al. [37] Zhang et al. [76] Zhang and Roberts [65]
E [MPa] v E [MPa] v E [MPa] v

Bone structure 15500 0.28 10000 0.49 15000 0.3

Soft tissue

Patellar tendon 2.49 0.45 0.26 0.49 0.26 0.49

Popliteal depression 0.7 0.45 0.16 0.49 0.16 0.49

Anterolateral tibia 0.35 0.45 0.2 0.49 0.22 0.49

Anteromedial tibia 0.3 0.45 0.16 0.49 0.160 0.49

Others 0.06 0.45 0.2 0.49 - -

Liner 0.4+-0.8 0.45 0.38 0.49 0.38 0.3

Socket Rigid Rigid Rigid

The mechanical properties of bones, liner and dasd@m not to be a problem, whereas the problem
of obtaining the soft tissue characteristics remaipecause these show non-homogeneity,
anisotropicity, viscoelasticity and time-dependbahaviour. Only in the last few years, non-linear
elastic and also non-linear viscoelastic modelHaeen used to obtain better approximation of soft
tissue behaviour. Tonuk and Silver-Thorn [51, 58d to characterize the soft tissue of transtibial
amputees with an appropriate set of non-linearoékstic material coefficients of James-Green-
Simpson formulation, normally used to model elagiomaterial, such as rubber. They were able to
simulate the compressive behaviour of 90% of tHe ti&sues using only the first two viscoelastic
terms in the Prony series. They noted that thesdficients couldn’t be readily extrapolated from
those of other anatomical zones. Moreover, noralirgharacterization adds complexity to the FE
model and increases computational time.

The soft tissue characterization is the crucialnpaif material properties because it significantly
influences FE results. The non-linear behaviouadsepted and desirable, but the lack of clear and
specific information, combined with higher compidaal costs, limits their diffusion. Table 3.6
specified the constitutive parameters adopted fardiure. Soft tissues were assumed to be
homogeneous and isotropic with hyperelastic beh&avibhe generalized Mooney—Rivlin solid strain
energy function, both linear and quadratic polyredriinctions, was adopted.
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Table 3.6 - Constitutive parameters for residuum soft tissues.

Referents Part Cio Co1 Cyo Ciy Co2 D, D,
[kPa] [kPa] [kPa] [kPa] [kPa] [MPa™] [MPa']

Kovacs et al. [15] Muscle 30 10 - - - 1.667E° -
Fat 85.56 -58.41 39 -23.19 85.1 3.653 0

Lacroix and Residuum 425 - - 0 - 2.36 -

Ramirez Patifo [59]

Portnoy et al. [70] Fat 0.143 - - 0 - 70.2 -
Flaccid muscle 4.25 - - 0 - 2.36 -
Contracted muscle 8.075 - - 0 - 1.243 -
Skin 9.4 - - 82 - 0 -
Scar 1489 - - 0 - 0 -

Portnoy et al. [61] Skin 9.4 - - 82 - 0 -

The parameter values refer to the literature anaverestimated bin vivo indentation testdn vivo
indentation tests estimate the mechanical propgediethe patient’'s soft tissues in different zones,
allowing a more realistic stiffness distributiontbé soft tissues. More specifically, the indeiatiest
measures the surface lowering of the residual Iooie to the indentation pressure. The load-
displacement curve is recorded and used to setrtkikown parameters defining the characteristics of
the material. Figure 3.1 shows the indentation éoal some analysis steps developed by Frillical.et
[46].

Figure 3.1 - (A) portable indentation device, (B-D) images of various indentation steps, (E) deformed shapes [46].

Starting from the Hayes et al. study (1972), Zhangl. [57] investigated the influence of friction
calculation of the effective Young’'s modulus oftstiésues using indentation test data. They found
that friction becomes considerable when the Poisgatio and the ratio of indenter radius and #&ssu
thickness assume large values. The stress-straue<wbtained from tests on organic samples are
non-linear. The stiffness increases as the permiratepth increases. In order to determine the
effective elastic modulus, it is necessary to reenowon-linearity due to the geometry. Young's
modulus E can be calculated as follows:

E- p(1-v?)

~ 2awpk(@/h,v) 3.1

Where:

* pisthe indentation strength;

e W, is the indentation depth;

e aisthe indenter radius;

* his the thickness of the measured tissue;

e vis Poisson's ratio (ranging from 0.4 to 0.499rithen to ensure convergence);
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« k is a scaling factor that depends on the geomatiy material (values of k factors are
tabulated and have been obtained for differentegbf the ratios a/h aml.

Choi and Zheng [81] and Lu and Zheng [82] analysed finite deformation effect of indentation
using a finite element model, according to différamdenter diameters and different deformation
ratios. Delalleau et al. [83], combing experimemgaults with a numerical FE model, proposed a new
method to derive the mechanical linear elastic @rigs of soft tissues from the indentation test. |
the similar mixed method, Avril et al. [84] charadzed the soft tissue as compressible and
hyperelastic, using a simple neo-Hookean strainggrfeinction, with discrepancies of more than 35%
from one area to another. Hendriks et al. [85] tmexd a numerical-experimental method to describe
the non-linear mechanical behaviour of human demmiie Mooney characterization and achieving
also a first rough value for fat tissue.

3.2.3 Interaction

Interaction between the residual limb and the petst socket can be modelled as a contact problem
at different levels of complexity, either considawrifriction or not.

Contact problem

To simulate the interaction it is necessary to iarshe contact between the socket and residual li
surface. This makes the problem nonlinear, comiitigat and increasing the computational cost. The
solution of a contact problem starts with the idferation of points on the interacting boundary
surfaces and then the insertion of appropriateitiond to avoid interpenetrations [86].

Penalty method and the Lagrange multiplier methosl tae two main techniques for describing
contact. Penalty method is the simpler techniqupaio the boundary points of contact surfaces and
uses gap elements. In practice, a line elemens liwlk nodes at the opposite points on two surfaces,
and, by knowing the initial distance between thenf)sequent behaviour can be checked so that, if
contact is detected, the element possesses auialftifhigh stiffness. The concept is point-topbi
contact pair and it can be applied to structuresngfdimensionality. Penalty method with simplelin
elements can be considered valid for linear elemdot small sliding and for small deformation case
in terms of FEM formulation, and require conformifg meshes [87].

An alternative approach is the use of Lagrangeipligit algorithms, which allow nodes to slide along
the boundary edge/surface for a distance of sewdeahents. With this technique, the degrees of
freedom are linked just when the contact occurgmere is no contact, the degrees of freedom are
independent of one another. So, the main issuelte sonsists in deciding when contact occurs. The
method is suitable for large displacement. It cdexs both normal and shear forces to evaluate
friction and allows the prediction accuracy of sigd contact geometry, also when the distances
between the two surfaces are considerable, witthegitading the precision [87].

Contact problems can be described over a finiteoregr using a set of discrete points. To model

different contact problems, commercial FE packdge® implemented different contact elements and
algorithms. Some are targeted to particular casesh as gap contact elements, slide line contact
elements, rigid surface contact elements or tukielie contact elements.

The surface-to-surface contact elements perforntebéhan the point-to-point contact pairs in
simulating sliding behaviour. Zhang et al. [38] and et al. [64] assert that the infinitesimal stigli
formulation allows computation time to be reducextduse it does not require the contact surface
between slave nodes and master surface to be memhitewhilst Jia et al. [10] considered that small
relative motion is less computationally expensive.
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Zachariah and Sanders [74] compared an automatethatointerface model with a gap element
model, and evaluated the sensitivity of automatattact to thanterfacial friction coefficient. They
found that gap elements distort the interface stdéstributions under a large slip, while automated
contact methods are useful when the residuum paditithe socket is not known a priori, where loads
cause a large slip and design significance of Igeametric features is high.

Using the same computational model of Zachariah 8adders, Lee et al. [54] considered the
prosthetic socket and residual limb as two defoten@bdies in contact with different shapes and, by
introducing socket donning into the socket, implatad a pre-stress simulation.

Some research groups [10, 54, 66, 74] used a dontathod to simulate the interaction that
automatically detects any overlap among interfasgea and imposes a non-penetration constraint
condition. In particular, Lee et al. [54] considitbe socket inner surface as master and the residu
surface as slave, imposing the master surfaceed, fand analysed bones and soft tissues as @ singl
body with different mechanical properties. Whendlare surface was in contact with the master one,
the slave nodes were automatically forced not toepate into their tangent planes on the master
surface. Jia et al. [10] used an automated suttaserface hard contact interaction with a friction
penalty formulation, where the contact pressurg ooturs when the clearance between the surfaces
is zero.

Wu et al. [64] used a further model for comparing Kondylen-Bettung Miinster socket and the Total
Surface Bearing socket. The surface-to-surfaceacbrglement was used to simulate the sliding
behaviour at the residuum-socket interface, whialvided a better performance than the traditional
point-to-point contact pairs.

Frillici et al. [46] adopted an explicit FE codeathallows adequate management of the simulation
problems characterized by large deformations afiituli contact conditions. At computational level

it is more efficient and faster than the implicibdel. The choice of an explicit solver allows tise of
models that do not require definition of the cohwarfaces. In fact, this strategy is able to dett
problems where surfaces are unknown a priori, fanwle, the donning simulation phase.

Friction/slip conditions

In this case, friction means considering the foicticoefficient between the skin and different
materials. Friction/slip conditions permit to assd®e shear stress and slipping at the socketenasid
interface and to estimate the shear stress cohorbduring load transfer.

In order to limit the computational cost, initialonels consider the residuum fully connected to the
socket as a single body, but with different mectanproperties [71]. This reduces model difficulty
and convergence problems but, preventing any siipaé the interface, the plane stress developed on
the limb surface was not quantified.

The next step was to consider the residuum andolcket as two separate bodies with the same
surface shape. In this case Zachariah and Santigraded a friction coefficient of 0.675. The need
consider the friction at the socket-residuum irsteefin the FE model was emphasized by Zhang et al.
[76, 77], since it is a very sensitive parameterdetermining interface pressures, shear stresgks a
slip. Both papers show that friction acts in supipgrthe body weight during walking and prevents
slippage during direction changes. They noted tiatgrowth of the coefficient of friction (COF) is
directly proportional to the shear stresses anersely proportion to the pressure and the slip. A
frictionless model ignores shear stress and ovwessthe maximum pressure by about 100%, while a
model without sliding underestimates the maximuespure by almost 50%. Finally, they discovered
how tissue damage depends on shear and normal ghaless:

oc =+V0?%+ 12 3.2)
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Where:

e  ocis the critical stress;
* o isthe normal stress;
¢ 1isthe shear stress.

The magnitude of COF depends on the skin condittas:reduced if the skin is dry, greasy or very
wet, and increases when it is moist. The dynami€& @Mot significantly influenced by age or gender
but varies considerably in the different anatomisatly regions [77]. Furthermore, an appropriate
choice of the friction coefficient, and thus mat&rcan balance the stress due to the load anémrev
tissue damage, such as bubbles or heat produ@fin [

To simulate the friction/slip condition between theer and skin, Zhang and Roberts [65] used
interface elements to connect them. However, thistb a poor match between the clinical data
collected and simulations as well as underestimaifdhe pressures.

Lee et al. [54] and Colombo et al. [66] considediierent friction coefficients in relation to the
simulation phase. During the donning simulatior, ttiction phenomenon was neglected and so the
shear stress was assumed to be zero, becauseithaine tended to slide. During the loading phase,
they assumed that the static and kinetic COF wegesame and slippage was permitted when the
shear stress exceeded the critical shear stress:

T> 1c =uP (3.3)

* tisthe shear stress;

* 1cis the critical shear stress;
* Pisthe normal stress value;
 puisthe COF equal to 0.5.

Zhang and Mak [88] investigated five materials g@@luum, nylon, silicone, cotton sock and Pelite)
and found an average COF equal to 0.46+0.15; niylhthe lowest (0.37£0.09) while silicone had
the highest (0.61 +0.21). Lacroix and Ramirez RafBB] consider a friction coefficient equal to
0.415, while Portnoy et al. [60-62] used a valu®af. Ramirez and Vélez [63] considered a friction
coefficient equal to 0.415 to describe socket-tagid contact and equal to 0.3 for bone-residuum
interaction.

The literature shows that the friction coefficielepends on the socket material and on skin conditio
Furthermore, it is necessary to consider the fnicthetween the residuum and socket in order not to
overestimate the pressure at the interface.

3.2.4 Boundary conditions and analysis steps

The FE model needs to specify and numerically dfyatite location of the external forces acting on

the structure. The load can be expressed in tefstsemgth and/or movement. The load is static when
it only takes into account the body weight. On dfieer hand, if load fluctuates over time, as happen

during walking, they can be evaluated quasi-dynawtien inertia forces are considered and quasi-
static otherwise.

Generally, the load is applied as a concentratezkfdisplacement in a single node: at the knee join
centre of the bone structure or at the distal ehthe socket, if the bone structure is fixed. Load
magnitude is estimated according to body weighhmugh experimental measurements that require a
survey of ground reaction forces and joint angles.identify the magnitude of loads (forces and
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moments to be applied in the knee joint), Jia e{%8] wrote rotational and translational dynamic
equations along three axes, assuming that therenwaglative movement between residuum and
socket during walking and only considering ineefects in the sagittal plane (Figure 3.2).

Figure 3.2 - 3D model to compute load magnitude at the knee joint [53].

A subsequent research, provided by Jia et al. gt@iwed how the load location has significant eéfec
on the interface pressure. In particular, the kiseot a simple revolute joint and the contact poin
between femur and tibia changes and depends oleghposture during walking. In addition, they
emphasized the substantial difference between teannpressure and pressure peaks, which are
present when inertia is considered.

The older models started the simulation with thesgiretic socket already donned because the socket
shape was supposed the same of the residuum anthifaeason, load application was done in a
single step. Sanders et al. [73] and Silver-Tharth Ghildress [71, 72] applied loads and moments at
the top of the socket and did not consider fricabthe interface.

Zhang et al. [65, 76] used a socket whose inndacairdid not coincide with the external residuum
surface. The analysis was divided into two stepfecting the two different phases of soft tissue
deformation. When the first step was completed ptigestress status on the residuum surface was due
to the differences between the limb and the redtiocket shape. It was achieved by applying radial
displacements to nodes on the external surfadeedirier resulting from donning the socket. Keeping
the pre-stresses, in the second analysis stepédtie ®rces were introduced on the proximal end of
the bone in order to obtain the stresses. Thisdvaork, that consider two analysis steps, was used i
successive simulations by other researchers: J €0, 53], Lee et al. [54], Lee and Zhang [69],
Frillici et al. [46] and Colombo et al. [66] (FigaiB.3).
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Figure 3.3 - Boundary conditions applied to an FE model (fixed region and load direction) and frames sequence
of the donning simulation.

In the first step, the donning simulation was aetteby applying an axial load of 50N at the knee
joint centre (Lee et al. [54]), or a load equahsif weight of the patient to the residuum (Frilkt al.
[46]) or a displacement of the residual limb suefadere overlaps occur with the inner socket serfac
[10, 53, 59, 63, 66]. To reduce the computatiorts;dsovacs et al. [15] considered a thermal strain
that widens the socket and, in a second time #ftetatter is moved over the residuum, forces itso
original shape.

In the second phase, keeping the calculated pessstand deformations, the loads are applied as
concentrated forces on a single node; specificalfythe centre of the knee joint [53, 54], on the
proximal end of the tibia [10], on the prosthetixzlket [46, 59, 63] or in the vertical direction the
femur [69]. To simulate the load condition, [66,) @posed a force equal to the subject's weight,
while Ramirez and Vélez [63] equal to half of theight. Jia et al. [10] applied both constant
concentrated force and five cases of gait cycle. &eal. [54] used forces and moments to simulate
conditions at foot flat, mid-stance and heel offidg walking, and assuming that the knee joint angl
did not change at different loading cases. Frillitial. [46] and Jia et al. [53] analysed the gzt
cycle.

In other papers the authors considered the inmekessurface and external residuum surface with a
different shape, but without specifying whetherytiensidered one single step analysis or more. Goh
et al. [48] replicated loading conditions at 10%%2and 50% of the gait cycle on the proximal end of
the tibia. Wu et al. [64] simulated a static stanth half and full body weight, assigning a downaar
displacement of the bonatil to the sum of the reactions reached a datalwev Lin et al. [37] did the
same, but only considering the full body weightusiai et al. [47] applied quasi-static forces and
moments, derived from experimental measures, toulaiemn some phases of the gait cycle.
Furthermore, to account for the pre-stresses irstit&et and stiffening of the soft tissues thatuocc
during load bearing conditions, Young’'s modulughia patellar-tendon region was increased by 25%.

Constraints are usually applied to the socket dageduring testing, different schemes were adopted
according to related simplification of the mode8].3Sanders et al. [73] assumed the bone and knee
joint to have zero displacement surfaces. ZachamahSanders [74] presumed the tibia and fibula to
be rigid. Silver-Thorn and Childress fixed bonesaasngle part [72] or as an internal boundary [71]
Zhang et al. [65, 76] and Goh at al. [48] assunmedsbcket to be rigid. Wu et al. [64] and Lee et al
[54] considered the socket or the outer liner sirfavhich has the same inner socket shape, as fixed
In addition, Lee and Zhang [69] considered the ba®erigid. Jia et al. [10, 53] modified the bouyda
conditions according to the analysis steps, siyiplif the model. In the first step, the bones arm th
outer surface of the liner were forced as fixednglets. After the donning simulation, only the outer
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surface of the liner was kept fixed, assuming thathard socket would offer a rigid support, wlhiie
bones were free to move. External forces and maneete applied at the knee joint.

According to Zhang et al. [89], the geometriest® FE model, or rather the directions of external
forces and moments, largely determine the restilthe analysis: the change in residuum posture
affects the accuracy of the pressure. They founidhow an incorrect leg alignment, which differs by

+ 8°, produced a change in peaks of the longitudsiear stress in the range of 8+11.5%. This
highlights the importance of having a CAD modelhwi¢al and consistent alignment.

Seelen et al. [90] evaluated the effects of antstgwior alignment of the prosthesis on pressure
distribution, in both static and dynamic conditioiey found that, during gait, a wrong ankle joint
alignment raises the loads in sub-patellar areadmwdeases those ones in tibial end region. They
concluded that pressure interface obtained dutiaigcs are not predictive as that during gait; @and,
better pressure distribution can be obtained byingrankle alignment instead of reshaping the
socket.

The boundary conditions, such as the definitiofoafl regions/points or fixed nodes, allow extensive
customization and usually depend on the type olyaisa(e.g. static or dynamic, implicit or explicit
and the software used. However, to achieve greatarergence of the results, a simulation model has
to replicate the real geometries and correct algmyconsider the prosthesis inertia and the rasidu
deformation undergone during the socket fitting.

3.3 Evaluation parameters

The main purpose of the prosthetic socket is ttridige loads over desired regions of the residual
limb acting on the volume and shape differences/éen residuum and socket. Through an iterative
process of adjustments, the socket shape is usoalljified and optimized by the prosthetist to
eliminate undercuts, minimize weight and, espegialistribute loads in the correct way. The pressur
values at the socket-residuum interface is thempeter commonly used to evaluate the socket shape,
and it should not exceed the pain threshold inra@ee tolerated for a certain time period.

Critical areas, that are both load and off-loadiaeg, have been identified from the literature
(transfemoral case) and from the analysis of ctidemelopment process (transtibial case). Figute 3.
portrays the critical zones for transtibial cashkilevFigure 3.5 shows those for transfemoral case.

KEY:

MT: medial tibia

PT: patella tendon

LC: lateral femoral condyle
TC: tibial crest

TE: tibial end

FH: fibular head

LT: lateral tibia

FE: fibula end

Medial Anterior Lateral Posterior PD: popliteal depression

Figure 3.4 — Critical areas of transtibial residual limb (in green the load areas and red the off-load areas) [65].
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KEY:
TR: trochanter
IP: ischial pubic ramus
P ST: residuum top
B FT: femoral tendons
UE: upper edge
ﬁ FT PT: post tranchateric wall
F

LIE

SC: scarpa’s triangle
RF: rectus femoris channel

IB: ischium boney loak
Anterior Lateral Posterior FE: fibula end

Figure 3.5 — Critical areas of transfemoral residual limb (in green the load areas and red the off-load areas).

Surfacepressure transducers or force transducers aretaisddainpressure distribution oviresidual
limb. First generation sensoonly allowed pressure to be detecteca single point and, because
their size,they had to be installl outside the socket, forcing manufacture of an &l socket
Current sensors (second generation) have largéige areas and enable mapping of almost the e
interface surface [91-94Thanks to their thickness of less than 1 mm, taybe placed on the soc
inner surface without signdantly disturbing the interaction contact betwdss socket anresiduum
and avoiding the need to construct a further so

Pressures survey at the sockesiduun interface permg to evaluate the socket functionalibetter
understand this complex contact phenomena, exagnihi@ distribution of pressure during varic
phases of gait; develop more comfortable and @ttiypologies of sockets. The use of pres:
transducers consent to identify the values of piresthreshlds and pressure tolerancto avoid skin
disease complications (e.gressure ulcers, blister, cysts, oedema, skimaiioit and dermatit).
Moreover, investigating the real pressure distidoutpermits a preliminary evaluation of t
numerical simuldon results and enhanced implementation of alsldiaumerical mode

Table 3.7summarized the sensors technology and vareas were measureAlso in this case,
literature is mainly focused on the be-knee amputation, just a few on belénee one:
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Table 3.7 - Summary of studies involving interface pressure and shear force measurement.

Referents Sensor Technology Measurement
Mounting
Abu Osman et al. External - Patellar tendon transducer; Point on Anterior, posterior,
[95] - Normal pressure/shear stress medial and lateral walls
transducers (BESTs);
- Entran ELFM-B1-5L load cell
- Electro hydraulic pressure sensor.
Ali et al. [96] Internal Tekscan F-Scan socket transducers Map
Amali et al. [42] External Strain gauges 16 socket regions
Convery and Buis Internal Tekscan transducers Anterior, posterior, medial and
[97, 98] 350 sensor cells sampling at 150 Hz lateral walls
Dumbleton et al. Internal Tekscan F-Scan socket transducers Map
[99]
Dou et al. [100] Internal Pliance pressure distribution measuring Point: PT, LT, MT, KP, PD
system
(Germany-Novel Electronics, Germany)
Goh et al. [48, External Pressure transducer assembly with 16 pressure measurements
101, 102] Entran ELFM-B1-5L load cell
(Entran International, USA)
Krouskop et al. Internal Pneumatic pressure transducer array
[103]
Polliack et al. Internal a. Rincoe SFS (force sensing a. 6 strips each comprised of
[104] Resistor embedded onto a 10 sensors
polyvinilidyne b. 96 individual sensors (16x6)
Fluoride strip)
b. F-socket systems
Portnoy et al. [61]  Internal Tactilus, version 3.1.12, Map & point
Sensor products co., NJ, USA
Tekscan flexi force
Rogers et al. [105]  Internal Tekscan F-Scan Mobile system, Map (distal tibia and fibula
TT socket Resistive ink transducers head)
Sanders et al. External Polycarbonate transducer 13 point
[106]
Sanders and Daly External Normal and shear stresses transducer  Point: LT, MP, PSD, ALD, PD
[73] custom designed by the investigators
Seelen et al. [90] IEE, FSR-649 linear array sensors, 6 sensor strips
(International Electronics &
Engineering SARL, Luxembourg)
Sengeh and Herr Internal Tekscan F-Scan socket transducers Map
[107]
Sewel et al. [45] External Electrical resistance strain gauges
(ERSGs)
Zhang et al. [77] Internal Tekscan transducers Map
Zhang et al. [89] External The sampling frequency was set to Point: PD,MT, LT, PT, KP, MG,
200 Hz during walking and 20 Hz LG, MS, LS
Zhang and Roberts External Triaxial force transducers, developed Point: PD, MT, LT, KP, MG, LG,

[65]

by Williams et al.

MD

KEY: MT: medial tibia, PT: patella tendon, LC: lateral femoral condyle, TC: tibial crest, TE: tibial end, FH: fibular
head, LT: lateral tibia, FE: fibula end, PD: popliteal depression, KP: kick point, PSD: postero-distal, ALD: antero-
lateral distal, MG: medial gastrocnemius, LG: lateral gastrocnemius, LS: lateral supracondyle, MS: medial

supracondyle.
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Wu et al. [64] and Lee et al. [108] obtained anthpared the pain threshold (the minimum pressure
that induces pain) and pain tolerance (the maxirlerable pressure without feeling discomfort) in
different regions of the residual limb by meanstia# indentation test (Table 3.8). Lee et al. [108]
demonstrated that these two parameters dependeoanagon the detection area, but are independent
of the thickness of the skin layers.

Zhang et al. [76] concluded that socket rectifimasi have an important effect on the interface
pressure, leading to an increase in pressure irzd&egs (such as patellar-tendon, popliteal, mextidl
lateral tibia), and to a reduction in sensitiveaar¢such as the distal part of the tibia front, tthia
crest, the fibula head and the residuum end). Eurtbre, Silver-Thorn models [71] showed that an
adjustment of two of the main areas - the patell@lon and popliteal area - significantly influenced
the pressure in other residuum areas.

Table 3.8 - Pressure pain threshold and pain tolerance in different transtibial residuum regions [64].

Pressure (kPa) Fibula head Medial condyle Poplltea.l Distal area Patella tendon
depression

Pain threshold 599.6182.6 555.2+132.2 503.2+134.2 396.31£154.5 919.6+161.7

Pain tolerance 789.8+143.0 651.0+111.1 866.61£77.3 547.6+109.1 1158.3+£203.2

Zhang et al. [89] measured pressures and bi-akizdrsstresses at the residuum-socket interface in
five unilateral transtibial amputees during stagdamd walking. They recorded 320 kPa as the peak
pressure over the popliteal area during walkingangaximum shear stress of 61 kPa over the medial
tibia area. They observed different pressure wamesaluring walking at the various points measured.
According to their data, they found that a misaigmt of +8° produced a change in the peak
longitudinal shear stress of between 8% and 11.5%.

Zachariah and Sanders [75] tried to understandhehettanding interface stress can be considered as
a prediction of walking interface stress. Theiruits lower than those reported by Zhang et al],[89
showed that walking interface stress had a regialgglendence and that standing stress was
moderately predictive of peak walking stress (tbealation coefficients varied from 0.46 to 0.88 fo
pressure and from 0.30 to 0.81for shear stress).

Convery and Buis [97] recorded dynamic pressurethatresiduum/socket interface for Patellar
Tendon Bearing (PTB) prosthesis during the gaitaofranstibial amputee. They found average
pressure per transducer during prosthetic stance lovaer than 80kPa, but potentially dangerous
pressure peaks (>100 kPa) has been documentdd}lirktPa.

Dou et al. [100] compared the pressure distribufamthe same type of socket during natural gait,
walking on stairs, on slopes and uneven roadsrasdts revealed that pressure characteristicagluri
natural ambulation do not seem to be highly pradgiadf what occurs in the other conditions.

Values of pressure distribution at the socket-rasidl interface can be also derived from literature
about comparative studies among different sockmtlbgies. Goh et al. analysed dynamic and static
pressure profiles of a unilateral PTB socket usingurpose-builtstrain gauged type pressure

transducer [102]. They then compared the PTB seaiatiained by means of a hand-cast method with
the TSB sockets produced from a hydrostatic cast][IConvery and Buis’ studies [98] showed that
the pressure gradients within the hydro cast sogket lower than those of the hand-cast PTB socket.
This result was not later confirmed by Dumbletonakt[99]. They found that the distribution of

dynamic pressure at the limb-socket interface Wightly different: sockets produced with pressure-

casting technique developed higher values than ammsufactured with hands-cast technique. To
reliably measure the areas with high curvaturehi patella tendon region, Abu Osman et al. [95]
designed and evaluated two new external transdwaes to record normal and shear stress and
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quantify the three components of force applied u@an amputee walking trial. In a similar way,
Commean et al. [109] and, recently, Papaioannoal.ef110] focused on residuum slippage and
residual limb deformations. They performed measergmusing magnetic resonance imaging of the
residuum slippage inside the socket to evaluatestioket fit and function and prevent discomfort or
skin ulcers.

The Rehabilitation Engineering Division (RED) anthéls Centre for the Assessment of Radiological
Equipment (KCARE) [111] carried out in-depth an@ysf the factors that influence the fit of
artificial lower limb sockets, taking into considépon: socket design, different components (liners,
pylons, feet, etc.), limb alignment, the manufacigiprocess and rectification techniques, as well a
the checking process. Their appendix clearly amdpeehensively summarizes the studies involving
interface pressure and shear force measuremertifyspg the objectives, the measurement method
and what was found for each research carried out.

Further studies are necessary to understand peessut friction effects on the residuum/socket
interface and to create statistical database. Meremew techniques for load distribution could be
considered to improve the quality of the socket fit

3.3.1 Numerical model validation

Validation of the finite element model can be ddsyecomparing the pressure values from the FEM
analysis with those empirically measured directlyhe socket-residuum interface, as carried out by
Sanders and Daly [73] , Zhang and Roberts [65]Gold et al.[48].

Sanders and Daly [73] compared the normal and sliessses during walking. The FE model results
differed in terms of stress intensity and sheaedfions with experimental measurements obtained
using custom-built strain-gauge transducers.

Zhang and Roberts [65] found that FE-predicted qaness during standing and walking were, on
average, 11% lower than those measured by trifoiaé transducers placed on a PTB socket wall.
The estimated stresses were of the same ordergifimde but without a one-by-one match.

Goh et al. [48] compared predicted FEA stress wikherimental data and attested that the average
percentage error was 12% (the maximum absoluter evas 30.3 kPa). They used 16 pressure
transducers (ELFM-B1-5L, Entran International) dimited uniformly along the socket length in the
4-quadrant.

3.4 Discussion

During last fifteen years significant improvemehisve been made manly thanks to hardware and
software developments. Best acquisition techniqomese computational power, more sophisticated

finite element codes have increased the perforngaand allowed more reliable results, allowing to

their diffusion within new research areas.

The core of this chapter concerned the numericaletsp performed over the last twenty years, to
investigate the interactions between the sockettl@desiduum in lower limb prosthesis. The finite
element method offers great potential for develgpirell-fitting and comfortable prosthetic sockets,
especially when it supports the prosthetist tasikisout being stand-alone system, but integratel wit
other tools. Current commercial CAD-CAM systems rdaf offer any integration with numerical

simulation tools. An integrated CAD-CAE frameworkcluded in a knowledge-based system,
remains confined to the academic field [8, 46, 66]. This approach tries to replicate what the
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orthopaedic technicians usually do manually, sutjggsules and procedures. The integration with
FEA tools should allow an optimal socket shapedoabhieved, which means best load distribution
over the residuum surface, without exceeding tlesgure threshold [64]. Moreover, 3D virtual model

of the socket can be used to produce the physiciks with rapid prototyping techniques, as repbrte

by some study about the feasibility of direct maatifiring technologies [32, 55, 105, 112]. This will

permit to reduce development time, to automate nfamufacturing process and to have a closer
control on the design parameters.

The accuracy of the FEM model depends on many fecgeometries simplification, size and type of
grid, properties of elements, material modellingl asharacteristics, details and numbers of the
interaction between the parts involved, loads aadnbary conditions. The computational time is
usually correlated to the size problem: more rgalisnodels increase the computational time
significantly. Therefore, the implementation ofembedded system to support the design activities of
prosthetic technicians necessarily requires anmopdition, limiting the amount of freedom of the
model without losing precious information about lsgieresiduum interaction. By analyzing every
single step, it is possible to identify various giifications and assumptions that characterize
realization of the finite element model and thenutwlerstand the critical aspects that could be
improved.

Performing a FE analysis including all the partgimed (socket, liner, soft tissues and bones)h wit
accurate shape geometry and good alignment betilvearsiduum, bones and prosthetic socket, has a
strong influence on the results of the analysisDC#ystems offer specific tools to manipulate the
acquired shapes, and they can be used to prepdite &r the geometries for the FE analysis.

The new acquisition techniques permit to overcohesé problems by providing parts with detailed
and properly aligned geometry. Laser scanning, @aempTomography and Magnetic Resonance
Imaging seem to be the best technologies for réaamigg the whole 3D residuum model, but the
choice should be done according to availabilitytid system and the patient's characteristics. For
internal parts, except for the technical specifioat discussed above, it is difficult to indicat@riori

the “best solution” between CT and MRI becausehilgh cost of both systems presents availability
problems. Orthopaedic centres cannot afford thaichmase costs and not all hospitals have both. MRI
seems to be better than CT because it does nosexpe amputee to radiation, but this is not true i
all cases. For example, it is contraindicated winenpatient has metallic foreign bodies or medical
implants. As reported by Kovacs et al. [15], CT gms are in general more accurate then MRI and
because of the correlation between Hounsfield Uftd) and tissue density allow an automatic
segmentation using thresholding. With MRI imagess more difficult because the grey values do not
correlate to HU and tissue density. Therefore different tissues need to be identified and segetknt
by hand in general and this is a very time consgnuirocess. A good solution could be acquiring
simultaneously external surface by laser scannmigisternal parts by MRI and/or CT.

Regarding socket and residual limb meshing, autenganerator algorithms simplify this phase. The
new algorithms allow good quality mesh elementsambtained. Furthermore, the accuracy of the FE
simulation results is related to the mesh sizenetd shape and geometric order used.

As previously mentioned, the material characteionadf soft tissues is one of the main parametes t
FE results are sensitive to. Most FE models stibse Hookean’s law, specifying the Young's
modulus and Poisson's ratio. The main limitatioa dhear model, ill conditioning the whole anagysi

is due to a single stiffness constant, which da#scansider different behaviours at the small ogda
strains, unlike what hyperelastic or viscoelastadels could do. Perhaps, the main problem regarding
diffusion of non-linear models remains the lackctdar information about them and the excessive
computational costs. Further studies should be donbketter clarify values, which describe soft
tissues, whether these are linear with a doublp, stgperelastic or viscoelastic, according to the
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region considered and the patient’s condition.alt,fa highly detailed geometric model that proside
the main distinction of tissues, such as bonegiaies, cartilage, muscle and epidermal tissues needs
to be characterized by specific behaviour. Also rthle of the skin and socket needs to be better
understood because some simplifications were nfadexample, skin was assimilated to soft tissue
and the socket was considered rigid. Parallel caimgu by using multiple processors, could
drastically reduce the computational time to achiéve simulation of socket-residuum interaction,
avoiding any material simplifications or allowingresidering highly detailed geometric model.

As described before, the socket-residuum intemadtiaplies the presence of contact phenomenon,
which can be modelled by contact elements or byambralgorithms. The contact elements are no
longer used to describe the interaction and araceg with contact surfaces, computationally more
complex, but able to describe large slippage becdlisy are not structure elements. FE solvers
automatically detect the contacts between two sesfavhen these are expressed as potential contact
surfaces in the model.

The importance of friction has been demonstratet ahthe latest FE models consider the friction
between the interface surfaces, only allowing sig® during the donning simulation. The friction
coefficient needs to be estimated every time adogrtb the interface materials and skin condition
because the reference range is wide and the strasdestrains are sensitive to its values.

The pre-strain due to the prosthetic socket reetitons, which reduce and change the shape with
respect to that of the residuum, is a consolidaggatoach. It effects involve two aspects: softutss
behaviour and socket alignment with regard to gstdduum and bones. There are two different ways
to apply a pre-strain to the residual limb: ongoidorce a radial displacement and the other one is
simulate socket donning. The latter replicatesréiad procedure. The displacements are not impased
priori, but follow the socket movements.

Loads are related to boundary conditions, while directions and amplitude are correlated to the
assumption and simplification of the model, butytbbould reflect real and consistent alignment. In
any case, load directions are quite important bexdloey can produce considerable changes in shear
and normal stress, while amplitude is specifiedtlom basis of the choice of analysis, static or
dynamic.

To conclude, implementation of reliable FE modeadsedhfurther improvements, especially in relation
to material characterization, socket-residuum fats and load conditions that mainly determine the
FE results. If performed in a systematic way, expental tests, associated with FE models, will be
the final step towards achieving better matchedli®$n FE models. Model development should be
closely monitored, evaluated and validated so ithedin be considered consistent and reliable. More
research is required to obtain qualitative and tjtsive parameters that allow the analysis resolts

be verified, and the FE model set-up must be rdfared how the pressure threshold depends on age,
skin characteristics and pathology must be exptaiRer future developments, it is essential to iobta
experimental data about pressure and shear stragsieh are not influenced by the shape of the
acquisition area, residuum-socket slippage anc latgins. Thinner and more precise pressure-stress
sensors might be incorporated between the socketuem interface, allowing measurements without
substantial environmental effects.
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Tools and Methods

As previously stated, it is crucial understandhi¢ tsocket shape is comfortable and well fit on the

residual limb before manufacturing it. This task & performed to analysing the contact interaction

between prosthetic socket and residual limb. Théapter introduces the tools and methods adopted to
develop the embedded simulation module.

First, the modelling tools have been consideredesthey are used to create the residual limb amd th
socket models necessary for the FE analysis andtibée prosthesis model indispensable for the gait
analysis. Then, the focus has been paid on theokiers through the implementation of some FE
models; both commercial and open source solvere baen considered and evaluated. Finally, the
Digital Human Modelling system has been adoptepgeidorm gait simulation of the patient’s avatar

and get the forces applied to the socket.

4.1 Modelling tools

4.1.1 Socket Modelling Assistant

To numerically analyse the interaction between sbelnd residual limb is necessary to have the
geometric models of these two parts. Within the PStcket Modelling Assistant has been considered
in order to provide the aligned geometric modelgh®FE model.

The Socket Modelling Assistant — SMA is module sipegdly developed to model the socket, both
transtibial and transfemoral prosthesis, directiytive digital model of the residual limb. The sdcke
design is performed according to the patient’s attaristics, in correlation to the implicit expérts
knowledge and the process rules implemented ir@csyistem. The system, when possible, executes
automatically some design operations while in otteges it supports step by step each phase of the
modelling, providing suggestions that guide th& &secution.

Four main steps are necessary to complete the tsdekmn within the SMA: the specification of the
patient’s information, the preliminary modellinghet customized modelling and finalization
modelling.

The design process starts acquiring patient’s imé&tion traditionally considered by the technician
(such as weight, muscles tonicity, skin conditi@m residual limb stability) and importing the
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residuum digital modelThis geometric mod is reconstructed from the MRI images the use of
GEOMETRIC module. During this phase, the prosthetist setscritical zonesthat will require
specific manipulationby using th Marker Tool (Figure 4.1).

Then, the SMA generates a preliminary geometric ehad the socket onto which other spec
modifications will be applied to reach a functiorsttape. Following operations, performed
automatic way according to pati’s characteristics, regardhe scaling of residual limb model, t
generation of socket reference surface and theesaog optimization. Circumferences Scaling ~

(Figure 4.1) automaticallgpplies the appropriate range for reduction peaggto the residual limb
reference circumference$he SMA creates the socket reference surface as an offetcanstan
distance from the scaled residual | model (Figure 4.2); thisurface constitutes the socket in

surface and represents the starting point for tistomized modellincThen, the sysm automatically
levels and rounds the surface at top of the residual lithef has an irregular shape due to k
protuberances and scars (Figdr2).

The customized modelling of the socket is red by an interactive shape manipulation througt
use of Sculpt dol and SectiorTool. The first permits the technician to modify théical surface
area, pushing or pulling the socket sur (Figure 4.3). The second toallows checking an
modifying the model surfaces working directly ore tehape sections and on each single su
control point.

The final phase allowBnalizing the upper edge of the socket model by using th&a&aiflool (Figure
4.3). This tool is similar to th8ection Toc, but it has the advantage of working on botrizontal
and vertical sectiondn additior, it allows the user to modify in detail amda homogenus way the
socket shape using surface control pc

Once completing the socket design, the Sgenerates the .IGEfes of the geometric models: t
socket, the bone, and the residual limb. This peafendamental for the FE model because it all
obtaining the geometric models completely alignbdt adopt the same coordinate sys

Figure 4.1 - Example of Marker Tool functionalities with highlighting the critical zones (left) and Circumferences
Scaling Tool (right).
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Figure 4.3 - Examples of Sculpt Tool functionality (left) and the use of the Section Tool for moving the surface
control point in green (right).

4.1.2 Prosthesis configuration and assembly

In order to perform a virtual gait analysis of thatient's avatar it is necessary to configure
assembly a complete prosthesis.

Within the PML,a commercial 3D CAD system (SolidEdchas been intgratedin order to select
standard components and create final assembly (as portrayed in Figudel). The prosthetist,
guided by system, choostte most appropriate standard components fopatient; thenthe system
proposes possible configurations of the whole pexss accordg to patient’s characteristicsFor
prosthesis configuratiothe lower limb prosthesihas been divided intfive mainmodules; they are
(Figure 4.4):

e Socket moduleliher, socket and socket acters).

» Double adapterdpuble male or female pyramid adap).

* Knee modulegrosthetic knee and knee pters, only for transfemoral ampute

e Tube module (camecting pylon and tube adapte

*  Foot module (prosthetifoot, foot adapters and h).

The rules necessary size and select the standard componhave beerderived from technician:
know-how andextrapolated from commercial cataloguewovided by main prosthetic bra. 3D
models of the standambmponents are included in a library as paramatddel ir order to size each
component according the patienis characteristics(ich as the weight and the he).

The system automatically assembles all the possiimebinations of the selected dilent parts, and
provides to the prosthetistl the related BOMsALt this point, theuser seless the most suitable
prosthesis and chargeif necessarysome components according to patient's neéWhile
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assembling the final components, the system enshiatshe alignment of the prosthesis is similar to
the skeletal structure of the other leg. Finalhg system exports the 3D model of prosthesis ubiag
Parasolid that is used by LifeMOD to perform theual gait analysis of the patient’s avatar.

socket module

1
J

b |

| double adapter |
1

[ knee module |
R

tube module double adapter
foot module

 foot module

Figure 4.4 - Example of an assembly of transfemoral prosthesis (left) and prosthesis modules (right).

4.2 FE solvers

Finite element modelling and analysis to evaluhéesocket-residuum interaction has been performed
since the 1990s [11, 38-41]; most of researchesidered transtibial socket, only few transfemoral.
Anyway, none of them tried to integrate and/or m#te the analysis within a CAD framework and
mainly focused on the fulfilment of the model ifsdifferently, the goal of the thesis has been to
implement an automatic simulation procedure to middee prosthetic able to run automatically FE
analysis.

From the analysis of the state of the art, it wassjble to identify the commercial and general-pag
FEA systems commonly adopted (see Table 3.4). Antbeg), Abaqus package V 6.9 (Dassault
Systemes S.A.) has been considered because itliidywised and it permits to bypass the graphical
user interface and communicate directly with then&kthrough a script. The Abaqus kernel interprets
the script commands and automatically createstamial representation of the model.

Furthermore, open-source solvers have been takenaiccounts. The choice of the open-source
solvers has been made considering software packhgebhave stable versions and are supported by
developers. Same examples are: ELMER, CODE_ASTE&culiX, and Z88. Table 4.1 lists
considered open source solvers and their main ctegistics. Among them, CalculiX has been chosen
because it satisfies all the requirements: (i)dtnmits to solve contact algorithm with or without
friction, (ii) it runs linear and non-linear (maitd; geometric) static and dynamic analysis, (iii)
permits to include linear elastic and hyperelastaterial model. In particular the bConverged Open
Engineering Suite includes CAD exchange softwalEE(S IGES and BREP translations to STEP,
IGES, BREP, VRML, STL and partial translation toBand a graphical user interface.

In order to select the FE solver, identify the dation rules and the procedure for the simulation
module, preliminary tests have been performed itaqus and CalculiX. To this end, a unilateral
transfemoral male amputee, 49 years old, 175 cghheand 80 kg weight has been considered as test
case.
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FE solvers

For the definition of the FE model with both sol/ethe key issues identified from the analysishef t
state of art have been considered. They are: atgniend definition of the residuum and socket
geometries, mesh generation, material charactenzatnalysis steps and boundary conditions.

Table 4.1 — Open-source finite element software specifications.

Software ELMER CODE_ASTER CalculiX 288
License Open source - GPL GPL GPL Freeware GNU GLP
Contact No Yes Yes No
Simulation
Scripting Python language Python language Yes Yes
Type of Multi-physical Structural and Structural and Structural and
analysis thermo-mechanical thermo-mechanical thermo-mechanical
Linear and non-linear  Linear and non-linear  Linear static analysis
(material, geometric)  (material, geometric)
static and dynamic static and dynamic
analysis analysis
Geometry STL, Gmsh, ACIS, BREP, STEP, BREP, STEP, IGES, STL  STEP, STL (ASCIl and
IGES, ProEngineer, (ASCIl and binary binary format), and
SolidWorks, Nx, format), geometry file Autocad
SolidEdge, Parasolid, (*.geo, *.in2d)
and CATIA V4
File None None Partially compatible Nastran, Abaqus,
compatibility with Abaqus Ansys, and Cosmos
Pre/post Embedded, Tetgen, SALOME Embedded, Gmsh, Embedded
processor Netgen Netgen

4.2.1 Abaqus FE model

Geometries

The finite element model consists of three pargsdibift tissues (that includes skin) the bones hed t
socket; the liner was not considered.

To achieve a geometric model with reasonable acguthe soft tissues and the residual bones have
been acquired using MRI system. The detailed 3D ehofl soft tissues and residual femur ware
reconstructed using GEOMETRIC, the integrated medulithin the SMA. The 3D digital
representation of the prosthetic socket was acHidwe using ourad-hoc software, the Socket
Modelling Assistant — SMA [8].

The alignment of bone and soft tissues was guardnéence the 3D models derive from the MRI
images; while, the socket-residuum alignment was@ueed because the socket was modelled on the
residuum outer surface within the SMA. The SMA gates the geometric models providing the same
coordinate system to the models, kept also duhed-E model definition.

The socket is imported in Abaqus was 3D deformahkdl, because socket thickness is considerably
smaller than the other two dimensions, while banycsure and soft tissues as 3D deformable solids.
Within Abaqus software, bones and soft tissues wersged by Boolean operation of union to form a
single part, the 3D virtual model of the residuwvithout geometric discontinuity but characterized b
two different models material. This Boolean opemtallows reducing the degrees of freedom of the
FE model and the number of surfaces in contacurEig.5 portrays the geometric models for the
numerical analysis.
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Figure 4.5 - Three-dimensional models of the socket; the residual limb and the femur; and, finally, the results of
the Boolean operation of union of residuum and bone.

Mesh

A free auto meshing technigbas been adopted to mesh the involved (Figure4.6), considering
triangular (S3R)and tetrahedra(C3D4) elementsfor a better discretization the non-linear
geometriesThe seed values, summarizec Table 4.2 has been chosen perforn a preliminary
sensitive analysidpllowing the conformity requirements of tetrahddxad triangular elements che

involved parts and without dramatically increasamglysis time

Table 4.2 - Mesh characteristics: seed value, node number and elements number.

Residuum  Socket Whole model
Seed value [mm] 6.3 8 -
Nodes 12176 920 13096
Elements 62279 1763 64042

Material properties

The material properties of thresiduum (or rather bone arsbft tissues) and the socket w
considered as linear elastic, homogeneous anajsotras assumed by other auth[10, 47, 48, 53,
54, 64, 65, 69]. Table 4.Bsts the mechanical properties used for the natercharacterizatiol
according to Jia et al. [10, 58hd Lee at a[54]; whileTable 4.3 displays threeshed part

Some researches [65, 69] maed negligible the deformations of the bones tredsocket becau:
their Young's modulus is five orders of magnitudeager than soft tissue ones. According
observation, the sockeind bone were considered as rigid bwithout losing crucial irormation
about the pressure interfaceftStissues stiffening, due to the -stresses and the load bearing,
not been take into accounnlike [47, 65].

Table 4.3 — Material properties.

Part Density [Kg/dm3] Young’s modulus [MPa] Poisson's ratio
Socket 7.8 15000 0.3
Bone 2.0 10000 0.3
Soft tissues 1.48 0.2 0.49

Analysis steps and boundary conditions

The simulation wagperformed in three phases corresponding to thermiefoon stages of soft tissu
using explicit simulation. The firsstep replicates the donning of residual limb idte socket anit
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imposes a pre-stress on thesiduun, [65, 76]. Then, thadjustment step follows to reach a be
repositioning of the socket around residuumand to obtain maximum comforn the third and final
step,the static full weight of the patient on a sir leg isapplied as load to the centre of mass ol
socket in vertical direction.

Boundary conditions (Figure &).and loads have been defined according to the siionlatep. The

donning simulation (in Figurd.7) is carried out fixing the upper residuwurface and moving tr

socket proportionally to the residual limb lengthusing the pi-stress on the external tissul chose
to move he socket because relative adaptive movements @rekmown a priori and it limit

computational costs. lthe adjustment step, tlupper residual limb surface in still fix¢ the socket is
free to translate and rotate in all directions wtith exceptiotof the vertical one, which is kept lock

until the load phase to prevent elastic spring bdw& to fitting. During these first twcsteps, no
external load is applied. Socket translation arteeptis weight ar not applied instantly, but gradua

duringthe analysis step to avoid excessive acceleratidriteen high mass ineri

To model the interaction betweeesiduumand socket, the automated sur-to-surface contact
element was adopted since it is better than thtivaal poin-to point contact pairs, as reported
Wu et al. [64]. According to the mast-slave contact formulation and hard contact relatigm used ir
Abaqus, donning anddjustment steps are fricti-free, while during loading the fricticcoefficient is
equal to 0.4, within the range of value documeilgZhang and Mak [88].

Figure 4.6 - Meshed models of the socket and residuum with initial over-closure (left) and FE model boundary
condition relative to the fixed nodes of the residuum (right).

Figure 4.7 - Donning simulation of a transfemoral socket.

Preliminary results

The pressuralistribution on the residuursurface is portrayed in Figuré.8. Pressure values,
expressed in MPa, are associated to a range oésdhom 0 to the maximum pressure val
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compued during the analysis and the colour scale ismfldue to red. The pressure distribut
obtained with Abaqus is well distributed and hommuapus without exceeding 100 kPa in most a
of the residual limb. The exception of externatbanter area ai the inguinal area are the only a
overstressed with pressure values close to themmemivalues equal to 167 kF

CPRESS

+1.66%9e-01
+1.530e-01
+1.391e-01
+1.252e-01
+1.1135e-01
+9.,735e-02
+5.34de-02
+6.953e-02
+5.563e-02
+4.172e-02
+2.781e-02
+1.391e-02
+0.000e+00

Figure 4.8 - Pressure distribution on residuum surface after loading simulation performed with Abaqus.

4.2.2 CalculiX FE model

Geometries

The geometric models of bomand soft tissueare the same aligned modelopted to implement tf
preliminary FE model in Abaquln this case, the socket model, achieved by usiagStMA module
has the same shape of the external surface oligddichb with theroundedsocket top

Before using soft tissue and residual femur nms in numerical analysighe femur volume we
removed fronmthe soft tissues model through a Boolean operatiaorder to reduce the degrees
freedom of the FE modeThe task was accomplished usa commercial CAD system (Solid Edc
At this point, the FEnodel consists of two parts (sFigure 4.9): the residuuinesidual limb witlout
residual femuris 3D deformable solicand the socket as 3D deformable shaifice socket thickness
is consideraly smaller than the other twdimensions.

Figure 4.9 - Residual limb without residual femur and prosthetic socket used for the FE analysis.
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Mesh

Socket and residuum were meshed using Netgen \24.8.1free auto meshing technique was adopted
due to the geometries complexity of the parts &edmpossibility to automatically build a structdre
mesh. 4-nodes tetrahedral (C3D4) and 3-nodes trian@S3) elements are respectively used for the
residual limb and for the socket. Before starting EE analysis, CalculiX automatically expands the
shell elements into three-dimensional wedge elesnent

The mesh size, summarized in Table 4.4, has beesenhon the bases of Abaqus FE model, and
following the conformity requirements of tetrahddxad triangular elements of the involved parts.

Table 4.4 - Mesh characteristics: size, node number and elements number.

Residuum Socket
Size [max, min, grading] | [10;5;0.3] [12;5;0.3]
Nodes 60446 414
Elements 12756 772

Material properties

The material properties of the residuum (or rathersoft tissues) and the socket were considered as
linear elastic, homogeneous and isotropic (Tal#¢. 4.he socket has been considered as rigid body,
as previously, and the external surface of the ructures was considered fixed. Neither softigss
stiffening nor soft tissue non-linear charactei@ahave been taken into account.

Analysis steps and boundary conditions

To study the interaction between socket and residuconsidered two phases: the donning simulation
of the socket over the residuum and the loading@ha

CalculiX does not manage big sliding, so the soblastbeen considered already donned. To avoid the
overlap between socket and residuum and to intedupre-stress status on the residuum surface, a
thermal analysis has been performed. Due to thecamatraction, the residuum reduces the volume
and its shape becomes smaller than the socketTdran, contact algorithm is activated and the
temperature increases to the reference temperexpanding the residuum. The load was applied to
the socket nodes in terms of nodes displacemestived from previous Abaqus FE analysis.

The boundary conditions change according to thdysisasteps. The nodes of the residuum upper
surface and the residuum-bone surface, obtaine8dmfean operation with the bone, ware fixed
(Figure 4.10): in other words the displacement gltire three degrees of freedom ware avoid. During
the thermal contraction and then expansion theetoalas fixed; only after, it was subjected to a
vertical translation along vertical direction aatiog to the imposed amplitude function.
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Figure 4.10 - Discretization of the socket and residuum with initial over-closure (left) and FE model boundary
condition relative to the fixed nodes of the residuum (right).

Contact problems are a strongly nonlinear typeafriolary conditios and avoid bodies to penate
each other. The contact definition implementeCalculiX is a node-tgurface penalty method bas
on a pairwise interaction of surfac[113]. Due to large sliding, the peig of the dependent nod
(residuum nodes surfacejth the independent faci(socket inner surface$ checked every iteratic
during the numerical analysi& linear pressure-overclosure relationshigs ben considered and
friction has been neglected due to convergencdqreh

Preliminary results

Figure 4.11shows the pressure distribution on residuumsurface, expressed in MPa. The press
are associated to the colour scale from violeetband to the range of values from 0 to the maxir
pressure values computed during the analysis. Tésspre distribution obtained with CalculiX is w
uniform and consistent. The maximum pressure valuapted during the analysis is less than
kPa, that is fafrom the results that commonly found in the literai[38]. The area with the highe
contact pressure is that aroutie top of the residuum sindbe socket has the samhape of the
residuummodel with the exception of titop, whichwas rounded using the dedicated tool within
SMA. The choice of this shape is due to the fact thvaad not able to complete the contact ana
using the same socket model used in Ab FE model. During the load simulation the solve
crashed due to the largeformation thaoccurred.

Figure 4.11 - Pressure distribution on residuum surface after loading simulation performed with CalculiX.
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4.2.3 Discussion

According to the analysis of the results and carsig) the limitations that were occurred during the
implementation of the CalculiX FE model, Abaqusvsolproved to be the best choice to simulate the
socket- residuum interaction. Follow the motivasioalated to this choice:

* Pressure values obtained with Abaqus are simildhase one founded by Hong [114] and
have the same order of magnitude of other reseamimarized in [38], while the pressure
values computed in CalculiX are almost two ordemafynitude lower.

e CalculiX doesn't allow to properly perform donnisgnulation because the solver is not able
to manage the contact interaction when big slidiocurs, as is during this phase. It requires to
introduce a thermal analysis in order to avoidittigally overlap of the socket on the residual
limb. This limit causes the impossibility to consich valid pre-stress status on the residuum
before loading simulation.

e CalculiX allows completing the simulation that cmless a socket with the same shape of the
residual limb, making useless the analysis. Thieeisis crucial to allow the prosthetist to
assess the shape of the designed socket. Moredserfriction has been neglected because of
convergence problems. So, to implement a runnindemwith CalculiX it is necessary to
significantly customize the source code and trgk ta time consuming.

4.3 Digital Human Modelling

Digital Human Modelling (DHM) tool is used to geagz the virtual avatar of the patient and simulate
the gait. First DHM tools appeared in late 60’sjntyain aeronautics and automotive industries. At
present various systems, both commercial and adademwe available: virtual human/actors for
entertainment, mannequins for clothing, virtual s for ergonomic analysis, and models for
biomechanical simulation. The latter category &s lest suited for prosthetic field because it permi
to understand human physiology and to study theamubody movement, also considering different
pathological conditions or disabilities.

Finite Element Analysis can increase the qualitthefsimulation results thanks to the interactiathw
Virtual Human Modelling system because the latteuld retrieve loads acting on the socket in a
posture or during different gait conditions. In @arar, it could be possible to obtain the pressur
distribution over the residual limb surface durearh moment of a gait step.

In this thesis work, LifeMOD is the Digital Humanddelling system that has been taken into account.
In the following sections, the steps necessarympplément the patient's avatar and perform the gait
simulation are briefly introduced.

4.3.1 Patient’s avatar implementation

The process to achieve a customized virtual humadheirstars with the creation of the patient’s avata
through the use of LifeMOD, a biomechanical modellpackage based on MSC ADAMS system. It
permits to create a detailed biomechanical modal lmiman body using rigid links connected through
joints to simulate the skeleton and flexible eletad¢a represent muscles, tendons and ligaments.

The patient’s avatar wearing the prosthesis istede@n two steps. Starting from the LifeMOD
standard model of the human being, the customizgdal/ model of the amputee is generated
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according to his/her anthropometric measures apldcimg the limb with 3D model of the resid
limb (femur and soft tissues), as showeiFigure 4.12left). The residual bone segment is linkec
the avatar’'s hip and then soft tissues are pry placed. In the second step the 3D prosthes
imported using Parasolid format and the correctitipoéng is obtained taking into account i
prosthesis height and foot rotation respect tovilréical line. In particular, the prosthetic foasto
bealigned to the other one and the socket has todmilcely the residual lin Figure4.12 (right).

Figure 4.12 - Patient’s avatar (left); avatar wearing the prosthesis (right).

4.3.2 Avatar simulation

Once created the patientigatar, the patientwalking has been simulated using motion laws dedi
from experimental tests permed with a marker less Motion Capture (MoCap) eqpapt,
implemented with four Songye webcams. The motion law is described by “Motigants” that driv
the skeleton joints and teach to patient’s avatav to move through an inverse dynamic simulat
Once segments angulations and muscles contracifotie avatar are known and traced, LifeM:
proceeds with the direct dynamics simulati

In this case, to replicate the functionality of tlesidual limb, “augmented motion agents” linkec
the prosthsis segments have been inserted: three assoaiatied prosthetic foot, one to tube be-
knee representing the lower part of the leg, ortbédknee and another one to the so

Main goal of the simulation is to get necessanadatevaluate the stemresiduun-socket-prosthesis
during walking on a flat ground, i.e., to calculébe corresponding loads acting on the socket.
attention focused on the first step, which goesfinitial loading response to terminal stance. E
force componentyhose magnitude fluctuates over the time, has bgparted separately in a text f
in order to create thescific motion lanassociated to the force components.

Figure 4.13shows the graph of numerical result in terms of ftree (components and magnitus
acting on the socket duringalking and over the stance phase; the three componentstoeiertial
frame of reference respect to the sox
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Figure 4.13 - Load components acting on the socket during walking.
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Embedded Simulation Module

This chapter focuses on the embedded simulatiorulapdeveloped to evaluate the socket shape with
the design process. It permits to automaticallylya®athe contact interaction between the socket and
the residual limb, without the interactions of tger. This last aspect is fundamental to allow the
prosthetist to use numerical simulation tools ithopaedic laboratory.

First, the architecture of the FEA module is exploaad the attention is centred on the simulation
phases, the involved players, the definition of dheulation rules and the interaction with SMA and
LifeMOD. The definitive architecture of the FEA mdd has been identified according to the
consideration made on the state of the art, thesiiyated numerical simulation models and the
interaction with the SMA and the DHM system. Thangording to the considerations derived from
the state of the art and from preliminary FE mottes, simulation rules characterizing the FE model
are defined and reported. Finally, the implemeatatif the embed module by the use the Python
script is exposed.

5.1 FEA module architecture

The automation of the simulation process requinesanalysis of the problem from different points of
view and the formalization of the procedure, theesuand the results evaluation. Simulation rules,
embedded within the system, permit to support titewesers applying in automatic or semi-automatic
way simulation procedures (e.g., mesh generatiot)dasign rules (e.g., analysis of simulation data)

To this end, it was necessary to analyse strategines parameters to automate the steps that
characterize the simulation process, i.e., pregmsiag, solving and post-processing. Generally, an
approach based on an embedded simulation hadde/febme basic steps:

1. Automatic definition of the geometric models invedivin the numerical simulation;

2. Pre-processing phase managed in automatic modeagtihtbe application of specific rules;

3. Calculation phase performed by one or more soldmgending of the problem under
investigation;

4. Post-processing phase automatically managed thrakglwledge-based approach;

5. lIterative automatic or semi-automatic modificati@igeometric models (if necessary).

Figure 5.1 shows the logic schema of the propoggdoach. The user provides data to model the
product and perform the simulation. The user modeés 3D model of the socket and the PML

generates in automatic or semi-automatic way thia dad the geometric models for the simulation.
The simulation tool generates the proper model randthe analysis. Output data are imported and
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visualized within the PML environment for carryirmgt the pos«-processing phase. If results ¢
acceptable the simulation is stopped and the PMis gdear otherwise, changes are app until the
optimal solution is reached.

Therefore, three main players with different ratag be identifiec

* End user (prosthetist)She provides all the necessary inputs for the pessshdesign and tt
numerical simulation. S/he evaluates the simulatbaicomes with the support of the syst
which suggests rules and guidelines +design or optimize the part.

* PML environmentlt controls the whole simulation proc. Sarting from the inpy, it generates
data and model for the analysis, activates thelation process, imports and visualizes the re:
and, according to codified knowledge, evaluatesdtigcal parameters. If ressure values are
acceptable it closes the simulation, otherwthe socket shape is modified by the use
automaticallyby the systel and runs a new simulation. The PML environmentasgosed b
ad-hoc modules that perform the specific tasks. Irticular, GEOMETRIC module reconstructs
the residual limb from MRI and the SMA module albwnodelling 3D socket geomet
Moreover, SMA creates the files with the alignedmgetric models and launches the simulat
The visualization of numerical resuis done within the SMA; so, the socket shimodifications
of critical areas arperformed according to the pressure distribu

e Simulation toal Based on characterization parameters and -compiled script, it creates tl
simulation model, bypassing 1 graphical user interface, and resolves: it's simplygalculus
slave. PresentlyAbaqus FE system is the simulation tool that atex the FE simulation ai
sends results, when required PML.

Prosthesis Virtual Laboratory

User PROSTHEsIs MODEUNG Lap 3 DHM FEA )
i i Script

Patient’s data specification Patient weight
Anthropometric measurement - Marphaological specification - Lifestyle J

3D residual limb acquisition ] 3D modelof residual limb i
& Reconstruction J i
T
v ) 3D socket model H
[ Socket modeling J 3

Standard parts selection
and Assembly

%

Prosthesis

“ assembly | Avatar
) characterization :
T
‘ Medify 3D Socket Model ’ !
& Parameters b —
{\ [ Gait analysis ] :
. !
Forces H =
H [ FEmodel characterization ]
&
- Socket Pressure map i} — -
- avaluation ,_[ FEanalysis execution ]
1 ¥
<7 Socket T
k Validated B,

Figure 5.1 - Logic schema of the framework: socket design process integrated with the FEA module and the DHM
module.
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To automate and integrate FE analysis processnilibsign platforn(seeFigure5.2), the parameters
guiding the process and simulations rules have Heéned:

< Inputs to simulationThis data that should provide by the users oegdrd by the PML system
perform the following steps. In socket design procéss,information necessary for the simulat
concern patient’'s characteristics, such as weigldt @sidual limb’s length, friction betwe
residual limb and socket and forces and momentgaiwalking (f the patient’s gait analysis h
been performed).

» Geometric modelsThe FE moderequires two parts: the residual limb and the sbckee SMA
has to provide the .IGEfiles of these parts already aligned. Soft tissares bones are suppos
to consider as 3D deformable solids while the sba@s 3D deformable shell, since soc
thickness is significantly smaller than the othweo dimensions. In order to reduce conational
costs, bones and soft tissues should be mergedetteca unique part without geome
discontinuity and with zones characterized by déf¢ material propertie

* FE model Definition of the rules to implement and charaee the numerical mol, such as
mesh, material model, load and boundary conditiomsstraints and analysis ste

« Evaluation rules and parameteto assess simulation results and therefore to suppe en-
users applying in automatic or sautomatic way the necessary mbdhodifications to adop
Every model change has to be evaluated again amgbwosimulation runs are necessary.
meaningful parameter recognized to evaluate th&esoghape is the contact pressure betv
socket and residual limb during patierwalking, since it allows taking into account the wh
residuuns morphology. From literature analy<g[64, 108] it was possible to identify the pe
threshold, i.e., the minimum pressure that indys&i®, and the pain tolerance, the maxin
tolerable pressure without feeling discomfort, asgedto specific zones of trresiduum.

In the following section, theimulation rules and the implemented proceduraelaseribec

Prosthesis Virtual Laboratory
\'

MATERIAL
CHARACTERIAZION
@ DB materials
Direct evaluation
BOUNDARY
CONDICTIONS

@ DB constraints rules

LOADS
@ Avatar gait analysis
Patient’s weight

REFERENCE VALUES
@ DB pressure values
threshold

3D STUMP MODEL
@ Geometric
Module

) FE MODEL Numerical
Geometries ) Results
from SCRIPT analysis

ANALYSIS STEPS
@ DB simulation
rules

3D SOCKET
PROTOTYPE

@ Socket Modelling
Assistant module

CONTACT CONDITIONS
@ DB friction values
Direct evaluation

MESHING
@ DB refining
mesh rules

MODELIZATION and SIMULATION > EVALUATION>

Figure 5.2 - Integrated FE analysis procedure within the design platform.
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5.2 Simulation rules

The definitive Abaqus FE model has been identifedording to different numerical simulation
aspects emerged from the state of the art, dunegxperimentation of the FE solvers. At this point
all the simulation rules to characterize a runriiiymodel have been defined in order to create the
default simulation model able to analyse the cdritderaction between socket and residual limb.

5.2.1 Geometric model

Rules 3D geometric models of the residual limb (sofsties and bone) and the socket in .IGES
format.

As mentioned before, for the acquisition of theigydts residual limb morphology, MRI has been

selected since it is the less invasive techniquetlie patient. GEOMETRIC module is used to

reconstruct the residuum 3D model and the SMA &ater the 3D model of the socket around the
residual limb. The alignment of the parts is gutead by the SMA, which generates the geometric
models providing the same coordinate system.

The models are imported and assembled into Abasjung UGES format: soft tissues and bones as 3D
deformable solids while the socket as 3D deformabédl. Bones and soft tissues are merged to create
a unique part without geometric discontinuity, desghe different parts that compose it, and taking
into account the real distribution of rigidity. Bhsolution permit to simplify the real problem and
consider the residual limb as a continuum thaharacterized by two models of different materidls.
also prevents to specify the type of interactioisting between bones and muscles.

5.2.2 Mesh properties

Rules.Socket: S3R elements with seed equal to 8. Resid@3D4 elements with seed equal to 6.3.

The automatic procedure forces to adopt a free mgshing technique, in particular triangular and

tetrahedral elements are adopted to better dizerétie non-linear geometries. | have considered 3-
node triangular elements (S3R) elements for th&etcend 4-node tetrahedral elements (C3D4) for
the residual limb, which increase their size inititernal regions.

The discretization of the continuum influences thedel size and consequently the computational
time, the results quality and the geometrical duadif the elements, which have to fulfil the
conformity requirements such as aspect ratio. Aitiga analysis, summarized in Table 5.1, has been
performed to select the seed values. The FE madilaided with a static force along to vertical
direction, equal to 800N, without constraints ian@r directions; soft tissues was characterizel wit
the linear model (E = 0.2;=0.49), while bones and socket are considereijmsparts.
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Table 5.1 - Mesh characteristics and simulation times for transfemoral model according to seed values.

Seed
[residuum; 3;5 3;8 4:7 5;8 6;8 6.3; 8 7;8 8;8
socket]
Elements 317537 312445 172353 106409 74398 65557 53273 41911
Nods 63405 60836 34521 21700 15536 13096 11508 9290
Variables 202965 187551 110049 70143 51651 64042 39567 32913
Simulation time | 49h35° 47h 58 20h50° 9h33’ 5h40° 3h36" 2h37 1h46'
350000 70000
300000 . - * 60000
/f
250000 . - 50000
%) P
£ 200000 40000 «
g ] -I/— R S
[S)
% 150000 _ 30000 2
100000 - 20000
"'i_/
50000 :ér 10000
00000 0
0:00:00 10:00:00 20:00:01 30:00:01 40:00:01 50:00:01
Time [h:min:sec]

Figure 5.3 - Graphic correlation between model size and computational time (dot-dashed line refers to linear
trendline).

Figure 5.4 and Figure 5.5 display the pressure raapigeved with the simulation. The analysis of the
results shows a good uniformity of the pressuresb ram trend in the maximum values. The socket
prototype stresses the inguinal area, independénoihly the mesh size; and, when seed mesh of the
residuum is bigger than 6, the outer part of theibioverstressed with pressures values above 150
KPa. The residuum mesh with seed equal to 8 leadssults that differ significantly from the rest o
the simulations. Finer mesh (residuum seed thag oen 3 to 5) seems to have a similarity in result
but they emphasize a non-uniform contact betweeket@nd residuum in numerical simulation.

After the considerations exposed above and thankitogaccount the simulation runtimes (see Table
5.1), it was decided to do adopt S3R elements satd equal to 8 for the socket and C3D4 elements
with seed equal to 6.3 for the residual limb (bomed residual limb)
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Seed: residuum 3; socket 5 Seed: residuum 3; socket 8 Seed: residuum 4; socket 7 Seed: residuum 5; socket 8

CPRESS CPRESS CPRESS CPRESS
+4.115e-01 +5.900e-01 - -
+1.500e-D1 +1.500e-D1 11 5006-01 e
+1.375e-01 +1.374e-01 +1.,375e-01 +1.375e-01
+1.250e-01 +1.247e-01 +1.250e-01 +1.250e-01
+1.125e-01 +1.12le-01 +1.1258-01 +1.125e-01
+1.000e-01 +9.944e-02 +1,000e-01 +1.000e-01
+5.750e-02 +8.680e-02 +8,7500-02 +8.750e-02
+7.500e-02 +741l6e-02 +7.500e-02 +7.500e-02
+6.250e-02 +6,151e-02 +6.250e-02 +6.250e-02
+5.000e-02 +4,8687e-02 +5.0008-02 +5.000e-02
+3.750e-02 +3.623e-02 +3,7508-02 +3.750e-02
+2.500e-02 +2,35%e-02 +2.500e-02 +2.500e-02
+1.250e-02 +1.095e-02 +1.250e-02 +1.,250e-02
+0.000e+00 -1,689-03 +0.000e+00 +0.000e+00

Figure 5.4 - Simulation results with different mesh size (from 3 to 5): legenda (first row), yx view (second row), zy
view (third row), xy view (fourth row),yz view (fifth row), zx view (sixth row).
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Seed: residuum 6; socket 8  Seed: residuum 6.4; socket8 Seed: residuum 7; socket 8 Seed: residuum 8; socket 8

CPRESS CPRESS CPRESS CPRESS
+3.185e-01 +4.550e-01 +2.295e-01 +1.985e-01
+1.500e-01 +1.500e-01 +1.500e-01 +1.500e-01
+1.375e-01 +1.375e-01 +1,375e-01 +1.375e-01
+1,250e-01 +1.250e-01 +1,250e-01 +1.250e-01
+1.125e-01 +1.125e-01 +1.125e-01 +1.125e-01
+1,000e-01 +1.000e-01 +1.000e-01 +1.000e-01
+8,750e-02 +8.750e-02 +8,750e-02 +8.750e-02
+7.5008-02 +7.500e-02 +7.5008-02 +7.500e-02
+6,2508-02 +6.250e-02 +6,2508-02 +6.250e-02
+5,0008-02 +5.000e-02 +5.0008-02 +5.000e-02
+3,7508-02 +3.750e-02 +3,7508-02 +3.750e-02
+2.5008-02 +2.5008-02 +2.500e-02 +2.500e-02
+1.250e-02 +1.250e-02 +1.250e-02 +1.250e-02
+0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00

Figure 5.5 - Simulation results with different mesh size (from 6 to 8): legenda (first row), yx view (second row),
zy view (third row), xy view (fourth row),yz view (fifth row), zx view (sixth row)
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5.2.3 Material properties

Rules. Soft tissue §=1.48 Kg/dni; E=0.2 MPay= 0.49). Bonesp=2.0 Kg/dni; Rigid body). Socket
(p=7.8 Kg/dni; Rigid body).

Material characterization of soft tissues is on¢hef main parameters that influence FE model result
The preliminary FE model considered the soft tissuigh a linear elastic behaviour, limiting in suh
way the computational time. Table 5.2 summarizeseai mechanical properties adopted to
characterize socket, bone, and soft tissues @engsity, Young's modulus, and Poisson's ratio),
according to Jia et al. [10, 53] and Lee at al.[3%h the basis of this values, socket prototype and
bony structures have been considered as rigid odgealso supposed by others researches [69, 71,
73]. In fact, the deformations of the socket anel flones can be neglected without losing crucial
information about the pressure interface, becauseny's modulus of these parts is five orders of
magnitude greater than soft tissue ones [69].

The state of the art emphasized that non-lineatieldescription should permit a better approxiorati

of soft tissue behaviour. So, in order to undetativantage and disadvantage, this characterization
has been investigated. Different non-linear modese been considered: Kovacs' model [15],
Portnoy’s model [70] and nonLINEARmaterial model.

Table 5.3 reports the second order coefficientd@bney-Rivlin hyperelastic characterizations.

Table 5.4 summarized the simulation runtime andiféd.6 portrays the pressure distribution on the
residuum after the simulation of loading phase.

Table 5.2 - Mechanical properties for linear characterization.

Part Density [Kg/dm’] Young’s modulus [MPa] Poisson's ratio
Socket 7.8 15000 0.3
Bones 2.0 10000 0.3
Soft tissue 1.48 0.2 0.49

Table 5.3 - Second order coefficients of Mooney-Rivlin hyperelastic model used for the characterization of soft
tissues.

Referents Co: [MPa] C10 [MPa] D, [MPa"]
Kovacs et al. [15] 0.003 0.001 0.1667
Portnoy et al. [70] 0.00425 0 2.36
nonLINEARmaterial 0.0167 0.0167 0.6
nonLINEARmaterial coefficients are obtained from the formulas suggested by Simulia Italy:
E 6(1 —2v)
COI_CIO_m; =

Table 5.4 - Simulation time for the entire process according to material characterization.

Material model | linearMATERIAL Kovacs etal. Portnoyetal. nonLINEARmaterial
[h min] 3h 36’ 107h 50’ 31h 27 33h 08’
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linearMATERIAL Kovacs et al. Portnoy et al. nonLINEARmaterial

Figure 5.6 - Simulation results with different model material: legenda (first row), yx view (second row), zy view
(third row), xy view (fourth row),yz view (fifth row), zx view (sixth row).
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A first analysis of the results based on the mappressure (Figure 5.6), you may notice that the
pressures values remain well below 500kPa, a afitireshold identified for the transtibial cadest
some differences can be highlighted.

The nonlinear model of Kovacs presents computaltiima exorbitant (reported in Table 5.4 ) and the
inconsistent pressure distribution might suggestemyence problems of the results.

The Portnoy‘s nonlinear model presents a uniforstridbution of pressure contact, but far beneath the
expected values. The excessive deformation ofabiglium causes an overstress area at the final part
of the residuum that should remain off-load. Fumitere, the parameters that characterize the model
are questionable due to the fact that one of thengeis assumed to be zero, making the
characterization more linear than non-linear.

The pressures distribution in linearMATERIAL and nbéNEARmaterial is similar and this is
presumably related to the fact that the non-lin@adel is derived from the linear one. Thus, the
results similarity suggest that the derived norimmodel is computational inconvenient.

Non-linear models were confirmed computationallpadivantageous. The tested coefficients of
Mooney-Rivlin characterization have not proved ngpiove the results accuracy, requiring further
investigations. According to these consideratidhs, soft tissues model is characterized with linear
elastic, homogeneous and isotropic properties.

5.2.4 Boundary conditions and analysis steps

Rules Explicit analysis of the contact interaction dgyithe donning and the loading (static or
dynamic) phases. Residuum fixed in the upper areaslations and loads applied to the socket.
Friction considered just during the loading phase equal to 0.4.

The simulation is performed in three phases coomrding to the deformation stages of soft tissues
using explicit simulation (Figure 5.7). The firgeg replicates the donning of residual limb inte th
socket and it imposes a pre-stress on the residliban, the adjustment step follows to reach a bette
repositioning of the socket around the residuumtarabtain maximum comfort. In the third and final
step, static or dynamic loads are applied to thdreeof mass of the socket. In dynamic load, the
forces, computed by gait analysis, permit to sineuthe single-leg stance over the phase from Initia
Loading Response to Terminal Stance. The intenaetith the DHM system is not indispensable, it is
possible to consider the static load, equivalerthéopatient’s body weight on a single leg, apphsd
concentrated load in vertical direction.

Boundary conditions and loads have been definedrdicy to the simulation step. The donning

simulation is carried out fixing the upper residusianface and moving the socket proportionally # th

residual limb length, causing the pre-stress on dhkiernal tissues. This choice is due to limit
computational costs and because the socket rekdiaptive movements are not known a priori. In the
adjustment step, the upper residual limb surfacstiiinfixed; the socket is free to translate anthte

in all directions with the exception of the verticae, which is kept locked until the load phase to
prevent elastic spring back due to fitting. Durithgse first two steps, no external load is applied.
Socket translation and patient’s weight are notiagpnstantly, but gradually during the analygisps

to avoid excessive acceleration and then high nassa.

To model the interaction between residuum and gpctke automated surface-to-surface contact
element was adopted since it is better than thiititvaal point-to point contact pairs, as reportsd
Wau et al. [64]. According to the master-slave confarmulation and hard contact relationship used i
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Abaqus, donning anadjustment steps are fricti-free, while during loading the fricticcoefficient is
equal to 0.4, within the range of value documettgZhang and Mak [88].

Figure 5.7 - Example of the simulation steps: from the initial position to the end of phase static load.

5.2.5 Evaluation parameters

Parameters. Pressure values on the residuum surface accorditiget critical areaFigure 5.8 and
Figure 5.9)and pressure threshol(Table 5.6).

The pressure distribution at the sor-residuum interface is the adopted parameter touatalthe
socket shape, and it should not exceed the thresholdin order to be tolerated for certain time
period. From the analysis of the state of the art, a maghecritical areasboth for transtibial and
transfemoral hadeen identifie (Figure 5.8 and Figure 5.9); in additiopressurevalues of pain
thresholdsand pain tolerance have been foifor the transtibial case (Table 5.6).

KEY:

MT: medial tibia

PT: patella tendon

LC: lateral femoral condyle
TC: tibial crest

TE: tibial end

FH: fibular head

LT: lateral tibia

FE: fibula end

Medial Antesios Lateral Postarior PD: popliteal depression

Figure 5.8 — Critical areas of transtibial residual limb (in green the load areas and red the off-load areas) [65].
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KEY:
TR: trochanter
IP: ischial pubic ramus
P ST: residuum top
B FT: femoral tendons
UE: upper edge
ﬁ FT PT: post trachateric wall
F

LIE

SC: scarpa’s triangle
RF: rectus femoris channel

IB: ischium boney loak
Anterior Lateral Posterior FE: fibula end

Figure 5.9 — Critical areas of transfemoral residual limb (in green the load areas and red the off-load areas).

Table 5.5 - Pressure pain threshold and pain tolerance in different transtibial residuum regions [64].

Popliteal

Pressure (kPa) Fibula head Medial condyle . Distal area Patella tendon
depression

Pain threshold 599.6+82.6 555.2+132.2 503.2+134.2 396.3+154.5 919.6+161.7

Pain tolerance 789.8+143.0 651.0+111.1 866.6+77.3 547.6+109.1 1158.3+203.2

5.3 Module Implementation

In order to integrate the finite element analysithiw the Virtual Testing Lab, it is necessary
implement a set of instructions embedded withinsystems to create automatically the FE model
to execute the analysis. This operation can be deing a scripting code, a programming langu
written for a specific ruime environment that perm to automate tasks. Abaqus consent
interpret, compile, and execute these set of cordmatored inside the script. Specifically, Aba
script is an etension of the popular obje-oriented language called Python.

The Abaqus Scripting Interface allows you to byp#ss graphical user interface (GUI) and
communicate directly with the kernel by a scripe fihat contains the commands, as illustrate
Figure 5.10 These commands allow setting automatically therfélel in the same way the mode
created along with the options and settings seble from each dialog box of the GUI. Afterwar
the kernel interprets the commands and it usesofitons and settings to create an inte
representation of your model.

In the following, thescript that implemen the simulation rules is described.
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Figure 5.10 - Abaqus Scripting Interface commands and Abaqus/CAE.

Model definition and partsimport

The script begins by defining the model name ahdhal modules that has to be imported before
starting the analysis in Abaqus.

Once created the model and defined the necessadylesy the involved parts are individually
imported, following default parameters relatedhe import settings. Socket has been defined as-thre
dimensional shell, while soft tissues and bonehesetdimensional solid. Vertices and edges of bone
and soft tissues part are repaired in order to awvgrgeometry precision and its validity, and to
prevent any possible geometric problem during teehimg phase.

# PART IMPORT

# socket

mdb.openlGES('C:/... /socket.igs', msbo=True,
scaleFromFile=OFF,topology=SHELL, trimCurve=DEFAULT )

myModel.PartFromGeometryFile(combine=False, convert ToAnalytical=1,
dimensionality=THREE_D, geometryFile=mdb.acis, name ='socket_shell’,
stitchAfterCombine=False, stitchEdges=1, stitchTole rance=1.0,
topology=SHELL, type=DEFORMABLE_BODY)

mdb.openlGES(‘C:/... ITFsoftTISSUE.igs', msbo=True, s caleFromFile=OFF,
trimCurve=DEFAULT)

myModel.PartFromGeometryFile(combine=False, convert ToAnalytical=1,
dimensionality=THREE_D, geometryFile=mdb.acis, name ='softTISSUE',
stitchAfterCombine=False, stitchEdges=1, stitchTole rance=1.0,

type=DEFORMABLE_BODY)
# geometry repair of soft tissue

myModel.parts['softTISSUE'].RepairlnvalidEdges(edge List=
myModel.parts['softTISSUE'].edges)
myModel.parts['softTISSUE'].RemoveRedundantEntities (vertexList=

myModel.parts['softTISSUE'].vertices)
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Material properties

Mechanical characteristics of socket, bone and $isBue were considered as linear elastic,
homogeneous and isotropic. Table 5.6 lists theutlefaechanical properties used for the materials
characterization. Density, Young's modulus and Bloésson's ratio are read from a file text that
specifies these characteristics. If necessarg, possible to modify the material behaviour, acicgrd

to the feature of each patient, simply releasingwa text file. Every defined material is associated
section which is assigned to the relative part.

Table 5.6 - Material properties.

Part Density [Kg/dm’] Young’s modulus [MPa] Poisson's ratio
Socket 7.8 15000 0.3
Bone 2.0 10000 0.3
Soft tissues 1.48 0.2 0.49

# reading material txt file

fid=open("C:/... /tab_material.txt","r")
text = fid.readlines()
fid.close()

myModel.Material(name="MsoftTISSUE')

D= float(text[9])

YM= float (text[10])

PR= float (text[11])

myModel.materials['MsoftTISSUE'].Density(table=((D, ),))
myModel.materials['MsoftTISSUE'].Elastic(table=((YM ,PR),))

# softTISSUE section creation and assignment
myModel.HomogeneousSolidSection(material="MsoftTISS UE', name='Section-
SoftTISSUE', thickness=None)
region = (myModel.parts['softTISSUE'].cells,)
myModel.parts[].SectionAssignment( region=region,
sectionName="'Section-softTISSUE")

Geometries assembly and analysis steps
After defining the coordinate system, every ins&iscadded to the assembly.

Once included, the socket has to be translatedjalertical direction, since it is already fitted the
soft tissues, and the respective value is read famxt file. This is because the socket is modelle
directly on the outer surface of the residual lwithin the SMA, which provides the same coordinate
system to the bone, the soft tissues and the socket

Follow the Boolean operation of merge about thenggides of soft tissues and bone, which allows
creating a single domain, call&ksiduumcharacterized by two different mechanical prapertin
this case, the original instances are deleted.

Finally, the three analysis steps are defin®tkp-donning Step-adjustmenand Step-loading that
come after the Initial step. The time period offeatep has been assigned on the basis of convergenc
complexity.

# MODEL ASSEMBLY

# set of coordinate system

myModel.rootAssembly.Instance(dependent=ON, name='b one-1',
part=myModel.parts['bone")
myModel.rootAssembly.Instance(dependent=0ON, name='s oftTISSUE-1',

part=myModel.parts['soft TISSUE")
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# socket vertical translation

fid=open("C:/... llenght.txt","r")

value = fid.read()

fid.close()

length = float(value)

myModel.rootAssembly.translate(instanceList=('socke
vector=(0.0, -lenght, 0.0))

# bone & soft tissue merge

myModel.rootAssembly.InstanceFromBooleanMerge(domai
instances=(myModel.rootAssembly.instances['softTISS
myModel.rootAssembly.instances['bones-11), keeplint

t_shell-1',),

n=GEOMETRY,
UE-11,
ersections=0N,

name=‘Residuum-1’, originallnstances=SUPPRESS)

# STEPS DEFINITON
myModel.ExplicitDynamicsStep(name='Step-donning’, p
timePeriod=4.0)

revious='Initial’,

Mode€l interactions

It starts with the definition of the rigid bodias,this case bone and socket, which expects to éme
geometric region and the point of reference. Trentification of the reference points is required
exclusively for the characterization of rigid baglidt is possible to specify any nodes of the part
because the reference point is subsequently mavebet centre of mass of the body to which it
assigned at the start of the analysis. Furthermbee socket region is selected considering all the
faces, while for defining the bone as rigid bodisihecessary specify cells that compose the part b
the mask command.

The IntProp-frictionLESScontact property characterizes the contact modabwt friction during the
donning and arrangement steps; while Itit®rop-friction throughout the loading phase and its value
is read from a text file (default value is equabtd). In both cases, normal behaviour of defauttet

as hard contact, which is the surfaces transmtombact pressure unless the nodes of the slavacsurf
contact the master surface, no penetration is allibst each constraint location and there is nd tioni
the magnitude of contact pressure that can bermittesl when the surfaces are in contact.

The next step is to select the surfaces that be@omentact during the analysis. The propertiethef
contact model chances during the simulation acogrth the step analysis.

The contact is a surface-to-surface type, its macha constraint formulation is described with a
penalty contact method and the sliding formulati®rfinite. The contact model sets the socket as
master surface, because it a rigid body, whileotiiter residuum surface as slave.

# INTERACION

# SOCKET rigid body

myModel.rootAssembly.ReferencePoint(point=
myModel.rootAssembly.instances['socket_shell-1"].ve rtices[0])

rl = myModel.rootAssembly.referencePoints

refPoints1=(r1[10], )

regionl=regionToolset.Region(referencePoints=refPoi ntsl)

facesl = myModel.rootAssembly.instances['socket_she [I-1'].faces

region2=regionToolset.Region(faces=facesl)

myModel.RigidBody(name='Constraint-socket', refPoin
bodyRegion=region2, refPointAtCOM=0N)

tRegion=regionl,

# CONTACT MODELS

# reading friction values txt file
fid=open("C:/... [friction.txt","r")
value = fid.read()

fid.close()
frictionvalue=float(value)
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myModel.ContactProperty(‘IntProp-friction’)
myModel.interactionProperties['IntProp-friction].
NormalBehaviour(allowSeparation=ON,

constraintEnforcementMethod=DEFAULT, pressureQvercl osure=HARD)
myModel.interactionProperties['IntProp-friction'].

TangentialBehaviour(dependencies=0, directionality= ISOTROPIC,

elasticSlipStiffness=None, formulation=PENALTY, fra ction=0.005,

maximumElasticSlip=FRACTION, pressureDependency=0FF ,
shearStressLimit=None, slipRateDependency=0OFF,
table=((frictionvalue, ), ), temperatureDependency= OFF)

# SURFACE CONTACT DEFINITION
myModel.interactions['CP-1-Residuum-1-socket_shell- 1'].setValues(
clearanceRegion=None, datumAxis=None, initialCleara nce=0OMIT,
interactionProperty="IntProp-frictionLESS',
mechanicalConstraint=PENALTY, sliding=FINITE)
myModel.interactions['CP-1-Residuum-1-socket_shell- 1.
setValuesinStep(interactionProperty="IntProp-fricti on',
stepName='Step-carico')

Boundary conditions

Boundary conditions (BCs) are related to the amslgéeps and could change during the whole
simulation. To set boundary conditions is necessargelect element surfaces and then to assign
geometric constraints or load values.

During the whole analysis, movements of the uppefases of the residuum and the bone are not
allowed (in Abaqus language they are “encastres”).

The socket boundary conditions are set in ordeintmlate the donning, the arrangement and, finally,
the possibility to apply loads. In the first stépe socket translation is the same used in therddge
phase but it is accomplished following a motion Igmplitude), calledAmp-donningin order to
avoid high inertia forces. The further steps lethe socket free to move but avoiding elastic return
caused by residuum deformation. The BCs throughadheing step is set according to the load type,
static or dynamic.

# BOUNDARY CONDITIONS

# SOCKET

# socket-donning

myModel.SmoothStepAmplitude(data=((0.0, 0.0), (4.0, 1.0)), name="Amp-

donning', timeSpan=STEP)
a = myModel.rootAssembly

rl = a.referencePoints
refPoints1=(r1[10], )

region = regionToolset.Region(referencePoints=refPo ints1)
myModel.DisplacementBC(name='calzata’, createStepNa me='Step-donning’,
region=region, ul=0, u2=lenght, u3=0, url=UNSET, ur 2=UNSET,
ur3=UNSET, amplitude='"Amp-donning’, fixed=OFF,
distributionType=UNIFORM, fieldName=", localCsys=N one)

The loads definition depends on the analysis saeniaris possible simulate the patient’s weight on
the socket (static load) or during the stance pbasiee gait (dynamic load). Once chosen the tyipe o
simulation, the other is automatically excludedbbth cases the load values are read from text file
for the stance phase of the gaits each componetdrisd in a single text file.
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In static load, the patient’'s weight is set as laad it is applied according to a smooth motion #and
starting from the 25% of the total weight. While, stance simulation, the read values define the
specific motion law, one for each direction, whislespectively applied to a unitary force.

# FORCES

# static weight
fid=open("C:/... /lload.txt","r")
value = fid.read()

fid.close()

L = float(value)

myModel.SmoothStepAmplitude(data=((0.0, 0.25), (2.0 , 1.0)), name="Amp-
loading', timeSpan=STEP)

a = myModel.rootAssembly

rl = a.referencePoints

refPoints1=(r1[10], )

region = regionToolset.Region(referencePoints=refPo ints1)
myModel.ConcentratedForce(amplitude='"Amp-loading’, cf2=L,
createStepName='Step-loading’, distributionType=UNI FORM,

localCsys=None , name='"load’, region=region)

# dynamic weight

fid=open("C:/... /load-x.txt","r")

text = fid.read()

fid.close()

myModel. TabularAmplitude(data=((text) ), name="Amp- X', timeSpan=STEP)

a = myModel.rootAssembly
rl = a.referencePoints
refPoints1=(r1[10], )

region = regionToolset.Region(referencePoints=refPo ints1)
myModel.ConcentratedForce(amplitude="Amp-x', cf1=1,
createStepName='Step-loading’, distributionType=UNI FORM,

localCsys=None , name="load_X', region=region)

Mesh

The meshing process follows an automatic technilygeto the strong non-linearity of the geometries.
Every part has a specific shape and type of eleraewlt the discretization parameters: size, deviatio
factor and minimum size factor. These values, suna®a in Table 5.7, are saved in a text file, but
can be modified according to the user specification if non-conforming elements invalidate the
analysis.

Table 5.7 - Mesh characteristics: element type, seed value, deviation factor and minimum size factor

Residuum Socket
Element type Tetrahedral (C3D4) Triangular (S3R)
Seed value [mm] 6.4 8
Deviation factor 0.3 0.1
Minimum size factor 0.5 0.1

# reading mesh txt file
fid=open("C:/... /mesh.txt","r")
text = fid.readlines()
fid.close()

S_residuums= float(text[4])
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dF_residuum= float (text[5])
mSF_residuum= float (text[6])

# residuum

myModel.parts[‘residuum-1"].seedPart(deviationFacto r=S_residuum,
minSizeFactor=mSF_residuum, size=S_residuum)

pickedRegions = myModel.parts[‘residuum-1'].cells

myModel.parts[‘residuum-1].setMeshControls(elemSha pe=TET,
regions=pickedRegions, sizeGrowth=MODERATE, techniq ue=FREE)

elemType = mesh.ElemType(elemCode=C3D4, elemLibrary =STANDARD,
distortionControl=DEFAULT)

pickedRegions = (myModel.parts[‘residuum-1".cells, )

myModel.parts[‘residuum-1'].generateMesh()
myModel.rootAssembly.regenerate()

Study definition

Once completed the whole FE model, the settinghettudy, called Job in Abaqus, are defined such
as to the accuracy of the output and the CPU nuiobechieve the numerical simulation. The analysis
is submitted and, when finished, it creates thewutile with the results and a series of documents
that contain the data analysis in input.

#JOB DEFINITION
fid=open("C:/... /patient.txt","r")
jobName = fid.readlines()

fid.close()

mdb.Job(atTime=None, contactPrint=OFF, description= ", echoPrint=0OFF,
explicitPrecision=DOUBLE, getMemoryFromAnalysis=Tru e,
historyPrint=OFF, memory=90, memoryUnits=PERCENTAGE ,
model=modelName, modelPrint=OFF, multiprocessingMod e=DEFAULT,
name=jobName, nodalOutputPrecision=FULL, numCpus=1, numDomains=1,
parallelizationMethodExplicit=DOMAIN, queue=None, s cratch=",
type=ANALYSIS, userSubroutine=", waitHours=0, wait Minutes=0)

mdb.jobs[jobName].submit()
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Case Study

Through the adoption of a case study, a unilateedé transfemoral amputee, the new virtual process
to design the prosthetic socket has been testad, thie patient’s data acquisitions to the reledsbeo
socket. The patient is 51 years old, 174 cm téllkg mass; he is a very active patient and ususkg

his prosthetic limb for his job as house mover fmchll his daily activities.

The main objectives of this phase have been:hesivhole design procedure, verify the data exchange
among different integrated modules, and confirmatli®matic execution of the numerical simulation.

In the following sections each step of the new glegirocess is described: specification of the
patient’s case history, 3D reconstruction of thedweal limb, prosthesis design (socket modellind an

standard parts selection), gait analysis of theep&s$ avatar and numerical simulation of the stcke

residuum contact interaction.

6.1 Patient’s case history

The backbone of the whole system are the patiahizgacteristics, therefore the first step of the
process consists in collecting them. The patiectigracteristics are necessary for the next stages t
apply rules and/or suggest the most appropriateepires to the user during each step of the

prosthesis design process.
In particular, for the case study the main charésttes can be summarized as follow:

« Excellent general health conditions.

e Residual limb has a uniform skin surface and aaarshape and excellent stability.
« Residual limb does not present pathology, boneupsstaince or high skin sensibility.
«  Tonicity of muscle is very good also thank to grdaiamism of the patient.

Figure 6.1 portrays an example of the patient’s dafinition within the PML.
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5] New Project

Patient evaluation Anthropometric measures

Name Patient Name Age [yl age

Surname  Patient Surname Sex |MAJ_E =
Weight [Kg] 70
Patient force ||_°W - ‘
Height [mm] 1800
Life-style |K3 - ‘
A) Tronchanter height [mm] 1200
Pathologies [res -
B) Tronchanter-knee distance [mm] 600 TRH
Stump evaluation |
— C) Dist. knee joint-stump top [mm] 120
Amputation type [T - ‘ Amputstion side  [Left -]
Swmpstabity [yes ] D) Knee joint height from)] 600
shape |conical -] E) Foot lenght [mm] 320
Bones protuberance |On top v|  Sknconditons  |Normal >
Tonidty ‘Nurmal z ‘
Projectinitiaization
Path STL bones C: /Development/TransFemoraleSTL jbones-mansi-slineato, st e

@
Path STL stump C:/Development/TransFemoraleSTL fstump-mansi-alineato. st [ |

Project path i/

2

| [ cancel

Figure 6.1 - Example of definition of the patient’s characteristics.

6.2 3D reconstruction of the residual limb

As mentioned in the previous chapthe detailednodels of soft tissues and residual femur been

reconstructedrom medical images acquired us MRI technique The MRI scan parameteadopted

for the case study wer@2 weighted MRI, 288x288x150 voxel matrix (resmo and number ¢

slices), pixel spacing 0.729%0.729 mm and slicekimess 2.0 mm. During the n, the patient was
laid down in supine position, and he wore the presis linel

The 3D models ware generaiusing GEOMETRIC module, integrated 8MA. The reconstruction
procedure starts with the ppgocess of MRI images in order to reduce noise digdal artefacts
Then, the voxels segmentation allcidentifying and generatingyvo voxel clusters that represent
geometry of bone and eésiduun external surface. Finally, the 3D geometric modeis ereate
using NURBS surfaces, whose control points aregplan the external perimeter of the clu:

Once the geometric models are created, the moduexport a standalGES or an STL file after
triangulating the NURBS surface. In particular, tteometric models for the finite element anal
are provided in IGE$ormat because it a neutral data format that alldataexchanged among CA
systems.
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6.3 Prosthesis design

After reconstructing the 3Dnodels of the residual limb, the virtual prosthdsés beerdesigned
according to the patient’s characteristics, in @atron to the implicit experts’ knowledge and
process rules implemented into the sys

By using the Socket Modelling Assistaisocket has been creatéallowing the design procedu
exposed in Chapter 4.1.Modelling task has been performed shapegd modifying the socki
silhouetteusing the specific tools (e.g., Sculpt Tool, Suefdool).Once completecthe SMA exports
the socket and the residuum geometric modeldGES formatand releases the text files with !
characteristics to implement automatically the F&de. This step isfundamental to provide tt
aligned geometric models fthie FE mode.

Then, through the comencial 3D CAD systemthe most appropriate standard components fo
patient have been selectadd the final assembly is createthd exported. The exported files
needed to create the patient’s avatar within LifdM&nhd perform a virtual gait anals.

Figure 6.2shows the socket model at the end of the desigrepsoand the whole assembled prostl
device.

P opien

RS

Figure 6.2 - Socket model within the SMA and complete prosthetic device.

6.4 Gait analysis

The process to perforrthe gait analysis of the patient's avatar followe fprocedure reported
Chapter 4.3. By using LifeMOD, a detailed biomedbahmodel of the patient has been created
considering thevhole prosthesis model. The latter is impowithin the avatamodeland the correct
positioning is obtained taking into account thesginesis height anthe foot rotation respect to tf
vertical line. Once created the pat’'s avatar, the patient's walkirftas been simulated using mot
laws deduced from experimil tests performed with a marker less Motion G& equipment.

From the analysis results, the forces acting orstiu&et has been seleciandexported separately

a text file in order to create thpecific motion law associated to the form@mponent that will be
used in the FE analysit particular, the exported forces (portrayecFigure 6.3) are related to the
first step of the gajtwhich goes from initial loading response to terahistanc.
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Figure 6.3 - Load components acting on the socket during stance phase: Initial Loading Response, Midstance,
and Terminal Stance.

6.5 Finite element analysis

Once the digital model of the patient’s residuaildiand the prosthetic socket have been created, the
SMA exports the geometric models and releases & files with the numerical model
characteristics, and then it launches the scripe $cript automatically creates the FE model for
analysing the socket-residuum interaction, accorébrthe implemented simulation rules, and runs the
simulation. These characterization files, set @y phosthetic technician, contain the parameters tha
the script reads to create and to parameterizentimeerical model on the basis of the patient’s
characteristics. The parameters of the simulagom(marized in the Table 6.1) are:

e Patient’s weight: retrieved automatically from iaitacquisition of patient’s data.

* Dynamic loads: computed by gait analysis and rélatethe first step from initial loading
response to terminal stance.

«  Material mechanical properties: selected from alude of standard values.

*  Coefficient of friction: selected from a databa$standard values.

e Translation values of the socket: values are coethbautomatically according to the size of
the residual limb.

Table 6.1 - Numerical values of simulation parameters.

Patient’s weight Coefficient of friction Translation values

760 [N] 0.4 (0; 100; 0) [mm]
Part Density [Kg/dm3] Young’s modulus [MPa] Poisson's ratio
Socket 7.8 Rigid body
Bones 2.0 Rigid body
Soft tissue 1.48 0.2 0.49
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Figure 6.4portrays the geometric models for the numericalyait Figure 6.5shows the sockeand
the residual limb meshed; aRtjure6.6illustrates the assemble model and the socket fiegitr.

Figure 6.4 - Three-dimensional models of the socket; the residual limb and the femur; and, finally, the results of
the Boolean operation of union of residuum and bone.

Figure 6.5 - Socket and residual limb meshed.

Figure 6.6 - Complete assembled model with the fixed surface contoured in orange.
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6.6 Results

The results have been automatically visualizediwi8MA (Figure 6.7).

Figure 6.8shows the pressure distribution over the residod kfter the simution of the donning
and the loading phasdR@ressure values are associated to a colour mapbioerto red with a scale
fixed values ranging from 0 to 100 kPa; the arbas ¢xceed the maximum are coloured in gThe
pressure distribution is uniformnd consistent, with the exception of post trockantarea wher
during the loading phase the area increthe pressure from 116 to 178 kPa.

To decrease the pressure in post trochararea(a “load” region), the geometric model of the sdi
has been modifieavith the SMA (Figure 6.7) and the simulatidmas been executed. The new
results, compared in Figure 6:th the old oneshow a significant decrease of the pressurpost
trochanteric wall area (111 kPada pressure reduction distributiomer entire stamp surfa.

Finally, Figure 6.1Ghows a comparison of pressure distribution dueaging step in three differe
stance phases (Initial Loading Response, -stance, and Terminal Stance$ing the re-shaped
socket The pressure distribution is well distributed drmnogeneous, with the exception of exte
trochanter area, which seems to be overstressathdthe loading step the pressure distribu
increases, as it shioube, without exceeding 100 kPa in most areaf®frésidual limb. Similar da
can be found in literature, as described by Hor@]ir

According to the pressure map achieved considédboth the static full weight of the patient and
single stancever the phase from Initial Loading Response tariiieal Stance, the socket shape
be validated and the prosthetic socket manufaci

= — SR

Figure 6.7 - Simulation results visualized in SMA (left) and Socket shape modification (right).
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Figure 6.8 - Donning and loading simulation: front, back and side views.

fdee-UL

Figure 6.9 - Comparison of the pressure maps obtained with FE analysis between the preliminary socket model
(first row) and the refined socket model (second row).
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Initial Loading Response Midstance Terminal Stance
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Figure 6.10 - Pressure distribution on residuum surface during loading step in three different stance phases.
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To conclude, according to the analysis of the teptecedure and the obtained results, the objegtive
previously mentioned, has been achieved. The wihedégn process proved to be adequate to design
and test the socket. The data exchange among dliffentegrated modules has been positively
verified, no problems has occurred during theses@haThe automatic execution of the numerical
simulation has been confirmed, the script allowglémenting the FE model without the user
intervention.

The pressure distribution obtained with the FE ysislis comparable with the data found in literatur
but the FE model should be further evaluated. & riext chapter, the issues related to FE model
assessment are discussed comparing the pressusashbutibn over the residuum surface
experimentally measured by means of pressure senéibr numerical simulation. To accomplish this
task, a real prosthetic socket, designed by anregpesthetist, has been considered.

Future tests concern the manufacturing of the sqmkeotype designed within new platform in order
to compare its shapes with that one designed bgthpetist. The comparison will be completed
considering the pressure distribution measured withssure sensors and taking into account the
viewpoint of the amputee.
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FEA Model Assessment

As stated in the previous chapter, the FE modetisi¢e be validated. This chapter concerns the
preliminary assessment of the FEA model throughctiraparison of the pressures distribution over
the residuum surface obtained with numerical sitrmdawith experimental data from the pressure
transducer measurements. The real socket, worhebgirhputee and designed by the prosthetist of the
Ortopedia Panini, has been taken into account.

First the choice of the pressure transducers systeneported. The experimental acquisition of
pressures distribution is described focusing thtentibn on the technical specifications of the
transducers, the acquisition protocol, and thércation method. Then the FE models implementation,
to numerically simulate the socket-residuum inteoac is exposed. Finally, the comparison of
pressure maps from numerical analysis and fromrerpatal measurement concludes the chapter.

7.1 Pressure sensors systems

The acquisition of the pressures distribution atgbcket-residuum interface is carried out by the u
of commercial pressure transducers. The choicemeate after fulfilling and analysing the state @ th
art about commercial pressure sensors systemsaltbat examining the distribution of pressure in
transtibial and transfemoral sockets in non-invasiay. Thanks to their reduced thickness, these
sensors can be placed inside the socket, directlgontact with the skin (or the liner), without
excessively influencing the pressure measurememts especially, without damaging the amputee’s
socket.

In this section the commercial sensors solutiomsciassified and analysed. The attention has been
paid on the second-generation sensors, in pantic@dathose specifically developed for prosthetic
purposes. Both complete sensor systems and stand-hnsducers have been investigated.

Commercial sensors employ different technologiegpdcitive, resistive or piezoelectric), sizes and
loads ranges, sometimes customized by the useistiRessensors, based on the variation of the
electric resistance of an element, are the mosthwmand they are often combined with Wheatstone
bridges [115]. Piezoelectric devices are basedhenptysical principle that a piezoelectric material
induce a change or develops a voltage across dedh it is deformed by stress; they allow wide
operating temperature range (up to 300°C) and bpgrating frequency range (up to 100kHz), but
they can suffer from offset and temperature depaindperation when used in the frequency range
below 5Hz [116]. Finally, capacitive sensors meaghe capacitance between two or more conductors
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in a dielectric environment. Capacitive pressurasees have no turn-on temperature drift, high
sensitivity and robust structure, and are lessitbemndo side stress and other environmental effect

[117].

The main characteristics of the compared mappistesys are summarized in Table 7.1, then, follows
a description of the most interesting sensor systespecifically developed for prosthetic use,
available on market.

Table 7.1 - Commercial pressure sensors and systems.

Sensing

Scan Pressure Sensels
System Sensor Area . o .
Company rate Ranges Thickness Density
Components  Technology [mm x sensels 2
[Hz]  [kPa] [em?]
mm]
Tekscan F-Socket Resistive 160 172+517 203.2x76.2 0.1mm 96 0.62
system (Sensor
9811E)
Tekscan ELF 4200 Piezoresistive 200 0+62300 @& 9.53mm 0.13mm
Flexiforce
Novel Pliance®-RLS Capacitive 20k 20+600 Different <Ilmm 1
prosthesis sizes
system
SensorTech ZEBRA Resistive 1k 0+10300 304.8x <lmm 256- 0.28-
Thermoforming (Conductive 16 or 29 841 09
System polymer) stripes
SensorTech ZEBRA System  Resistive 4 7698 127x127 0.2 144 0.89
(Conductive
polymer)
SensorTech SensorSpot Resistive 4 0+138 () 0.76
Force/Pressure (Conductive Custom 12.7+38.1
Sensor polymer) Ranges
Vista Prosthetic 0+207
System
Xsensor PX100:36.36.02 Capacitive 0.6+27.6 45.7x45.7 1-1.6mm 1.7
Seat pressure
imaging
I-CubeX Single zero-travel 1k 0.4+:981 Different 0.5mm
component force sizes
sensitive
resistor
Pressure Conformable Capacitive 5k  0+1400 304x304 Imm Up to
Profile TactArray (Conductive 10240
Systems Pressure cloth)
Sensor
Sensor Tactilus® Piezoresistive 1k 0+207 430x290 0.7mm 1024 1.6
Products Stretch / Resistive
Inc.
Sensor Tactilus Resistive 1k 0+1380 4x44 0.36mm
Products Free Form®
Inc.
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7.1.1 Novel Prosthesis System

Novel GMBH has developed Pliance®-RLS prosthesitesy, portrayed in Figure 7.1, for socket
evaluation and fit. It provides a quantification ttde level of pressure at the residual limb/socket
interface during static and dynamic movements. Aximam of 16 sensors can be attached
simultaneously to the pliance socket sensor system.

Pliance®-RLS sensors are flexible and elastic anet lthe ability to conform very well around highly
contoured sites. This is particularly advantagaonysosthetics because of the highly irregular acef
and geometry of the residual limb and the shapgbeo$ocket.

The general Pliance data acquisition software eeerm Windows environment and contains many
tools for data collection and scientific analysis dynamic pressure. Features include: calibrated
pressure values for each individual sensor elenteemter of Pressure, 2D, 3D and isobar displays;
force, pressure and area-time graphs.

The company optionally offers a calibration deuicat allows regulating simultaneously each single
sensor with homogeneous air pressure on a flat.plai

Figure 7.1 - Novel Prosthesis System: Pliance-RLS system, RLS sensors with different standard shapes.

7.1.2 SensorTech Zebra™ 3D System

SensorTech develop Zebra™ 3D System, displayedguré 7.2, is designed for many applications,
but it fits well for prosthetic field. Differentlfrom the previous sensors, Zebra sensor is a shaet
has to be thermoformed over the residual limb mafter thermoforming, the sensor is placed into
the socket for 3D pressure distribution measureraedtthe data are transmitted wirelessly, in real
time, to the computer. This characteristic allowbest fitting of lower limb prosthesis and a more
precise pressure mapping (i.e. determining theiloligton and degree of pressure across multiple
locations) of complex 3D dimensions be measuratteSsensors sheet is thermoformed, it cannot be
used to acquire the pressure distribution of opfagients and this increases the costs. The SerdorTe
offers thermoforming jig and a calibration systesrogtional elements.
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Figure 7.2 - Zebra™ 3D System: Zebra sheet sensors and thermoformed sensors within the prosthetic socket.

7.1.3 Tekscan F-Socket™ System

F-Socket Pressure System, portrayecFigure 7.3, consists of scannimdectronics, software ar
patented thifilm sensors. The sensors are thin paper with-resolution sensor placed within t
socket that can be trimmed into freely floatinggéns to closely approximate the curvature of
socket interface.

The F-Socke system is available with the following hardwarboices: Tethered Wireless, a
Datalogger. Tethered device connect the sensorsaadning electronics on the subject to
computer via USB port. Wireless tool transmutesadatreal time directly fronthe subject to the
computer, up to 100 meters away from the computbite, datalogger allows to collect and to st
sensor data in its internal memory for upload tomputer at a later tinr

F-Socket Software characteristics ar-D and 3-D display, both reéilne and recorded data; cont
area, average and peak pressures; Center of Ryemsdrits trajectory; frame by frame data vi
side-by-side comparisons of pind postreatment conditions; measure distance betweerpbius;
analyse isola and specific regions; import and export subjentimfiles

A full line of equilibration devices are sold astiopal by Tekscan. These devices apply a unif
pressure load across the sensor surface that éedplan a flat plain. This process elecically
compensates for any variation or uneven outputsadralividual sensing elements (sensels) caus:
manufacturing or repeated use of the sensor. baation devices are useful to perform que
assurance checks on the sensor and confirm ur output by the sensor.

WarssFoy
i H{t‘
F-9

MG Powar

Figure 7.3 - F-Socket Pressure System: scanning electronics (left), software (middle) and patented thin-film
sensors (right).
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7.1.4 Selection of the system

Tekscan F-Socket System has been chosen accoodihg technical specifications of the sensors and
the need to have a system ready to use. In fagtsyhtem permits to determine contact area and
dynamic stress due to the interaction of the residwith the socket both during single stance and in
various phases of gait. Moreover, the gain expeéeasf the company on the pressure acquisition in
the prosthetic socket field and the extended liteeathat analyses the technical performances and
adopts this sensors system were crucial in thigce86, 107, 118-120].

7.2 Pressures distribution acquisition

The pressure acquisition has been performed wétp#tient wearing the real socket. In particular, a
copy of his socket, made by CEMPLEX (Figure 7.4s been used. This choice has been done to
avoid damages that eventually may occur duringtiuiisition.

Figure 7.4 - Socket made by CEMPLEX from different views.

7.2.1 Sensors specifications

Tekscan pressure transducer is a sandwich of twetshof plastic. The used sensors were Tekscan
9811E with an operating pressure range betweer Gan kPa. The sensors dimensions are 76.2 mm
width, 203.2 mm length, and the thickness is 0.1lrimg;sensors have 96 sensels each, placed in 6
columns and 16 rows, with a spatial resolutiorhef ®.62 sensels/érEach sensel is a force sensitive
variable resistor, whose impedance changes aceptdithe force that is applied to the sensor. The
analogue to digital converter assigns a digitalugabetween 0 and 255 (8 bit) to each sensel,
depending on its impedance value, and the coroeld&tetween digital output and to engineering units
(such as force or pressure) is performed throutibration process.
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7.2.2  Acquisition protocol

In this section, the acquisition of the pressumdritiution at the socket-residuum interface hasibee
accomplished according to the acquisition protticat has been defined as follows:

1.

Sensor preparationTo achieve a better placement on complex curvebeobocket surface, it is
recommended to trim the sensors along specifis liveet to disconnect the sensors (Figure 7.5).

Sensor applicationSensors have to be attached temporarily to therisocket surface using an
adhesive tape, in order to be removed after thaiisitign. The number of the sensors is
proportional to the acquisition area. It is recomded to place the sensors in an orderly manner
avoiding overlaps. The application of the sensoas ko be performed one strip at time.
Specifically, six sensors were adopted to covemthele upper area of the socket surface (Figure
7.5).

Preparing the patientThe patient wears the instrumented socket beangfal not to damage or
mode the sensors. Since the socket was not assbwmitiethe standards parts, it was necessary to
support the patient with a trestle, whose heighs set according to the amputee’s leg (Figure
7.6).

Conditioning sensorBefore starting the acquisition, sensors havbet@onditioned in order to
give the subject an opportunity to become accusiotoethe equipment and to exercise the
sensors to the load. Since the patient was sugpuiith a trestle, this operation was performed
loading and unloading the residuum using just thdylweight for one minute.

Acquisition Once the sensors are connected to the systenmpisisible to start the acquisition.
The acquisition was done in RAW format, consider@nfyll scale range equal to 255 units. The
pressures are measured during single-leg standing seconds. The conversion of pressures
maps from RAW data into kPa pressure units is nadtd through the calibration process. This
sequence permits to take into account the pressloes reached during the measurement and
identify the better calibration, improving the guabf the results.

Figure 7.5 - Example of trimmed sensor (left) and sensors positioning within the socket (middle and right).
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Figure 7.6 — Patient wearing the instrumented socket (left and middle) and patient with the prosthetic socket
positioned on the trestle for the acquisition phase (right).

7.2.3 Calibration method

Calibration process is the method by which the digital output of the sensor is correlated to
pressure units or in terms of force. Calibratioa isensitive and delicate process since an errbiein
calibration converts into an error of the measdoed. The overall system accuracy is generally +10%
of the full scale and do not exceed 15% of the iagpload [121]. Anyway, to achieve accurate
calibration and to minimize errors, it is necesstwyperform the calibration process in similar
conditions to those that are found inside the sipddath in terms of involved materials and of ptees
values.

To perform a good calibration, it is essential femte in the conditions close to test conditions.
Actually, the material stiffness strongly influesdde way in which the load is applied on the sisnse
Materials with low values of stiffness, like foantistribute part of the load also on the gap existi
between two consecutive sensels, reducing thesstmeshe sensels; while, materials with highest
stiffness distribute the load mainly on the sendeigure 7.7 portrays the material behaviour at the
sensor-interface on the basis of the materiahstif$.

.~ Soft materia

seé(g/ TR G
/// 7 i

Figure 7.7 - Examples of the material behaviour at the sensor-interface according to the material stiffness: hard
material (left) soft material (right).

Taking into account the pressure values developgihg measurement, it is possible to know
indicatively the pressure that characterizes sjgesiicket-residuum interaction so as to adjust the
calibration in order to achieve better results.gi&npoint calibration has been adopted to calibrate
linearly the pressure sensors. This means thahiglst line between the two points (zero point drel
calibration point) describes the behaviour of taeser. The sensor has zero output with zero applied
load and the calibration point is defined by therwapplying a known force.

83



Finite element analysis FEA Model Assessment

The calibration, to convert the RAW data into kRes done using a flat plate of Plexiglas with
dimensions similar to the sensor (Figure 7.8). plae stresses the sensors for 40 seconds with a
known load, providing the same pressure conditioth® experimentation. Each sensor has a specific
calibration that is identified according to the m@@d RAW values. The Plexiglas support allows
covering most of the sensor during calibration lideo to achieve statistically representative deta.
order to obtain conditions similar to the skin-smrsocket interface, the sensors calibration was
performed on a flat table (simulating the sockeisse interaction) and using a piece of pork skithwi
the same size of the support to reproduce the hgkiarcontact interaction on the sensor.

Figure 7.8 - Examples of calibration system and flat plane of Plexiglas.

The acquisition has been done in RAW format, carsig a full scale range equal to 255 units, and
then the calibration has been applied to each semswrding to the maximum pressure values
considered in RAW format. reports the number of dloguisition associated to the sensor and the
related calibration load.

Table 7.2 reports the number of the acquisitioro@ated to the sensor and the related calibration
load.

Table 7.2 - Numerical values of sensors calibration.

Area Inner  Gluteal Anterior  Femoral Upper Upper Lower Lower

thigh fold Region Triangle Antero- Postero- Antero- Postero-
Thing Trochan. Trochan. Trochan. Trochan.

Acquisition NO3 NO4 NO5 NO6 NO7 NO8 NO09 N10

number

# sensor 3 4 5 6 1 2 1 2

Calibration 11 21 21 21 41 61 41 61

load [Kg]

7.3 Finite element analysis

This section focuses the attention on the impleatemt of the numerical model to analyse the
interaction between the residual limb and the CEERIsocket.

The 3D virtual model of a real socket was acquaed reconstructed by the use of the 3D scanning.
Two different geometric models of the patient’'sideam (soft tissues and bone) were adopted: the
first is the same used for testing the design m®¢€hapter 6); the second is virtualized by theafs
the 3D scanning, as for the CEMPLEX socket. Thaaehof considering two models was due to the
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need to better investigal®w acquisition techniques influence the simulatiesultsand to identify
the limits associated to the acquisition technigireparticuar covering MRI and 3D :anning.

7.3.1 Geometric models acquisition and reconstruction

The acquisition of the CEMPLEX socket geomeand the patient’s residual linhas been done using
a low cost 3Dscanning system, which adopts a depth camera (KfnedVindows) and a softwal
tool (Skanect)in order to create 3D meshes of the pro

The process to scan the scene is quite simpleaw (Figure 7.9) Once established the dimensior
the scenario and selected the predefined scaneitings, Skanect acquires dense 3D informe
about a scene just moving around Kinect sensor to capre a full set of viewpoint, with a scanni
rate up to 30 frames per second. After the acdprisithe system elaborates the data and it al
exporting the rough model ipoly-line file format. Since th& EMPLEX socke is transparent, the
inner and tk outer socket surface were painted ¢ before scanning.

The editing of the digital model of the CEMPLEX &et and the patient’'s residuum were d
starting from a poly-line file bynean of Geomagic (Figure 7.)0The software was adopted to se
the points forming the inner socket surface andetmnstruct the missing areas that the acquis
system was not able to detect due to geometrh as undercut. The entire task witiGeomagic was
performed manually and tlimal geometric models are exported in .IGES foi (Fégure 7.11).

Figure 7.9 - Examples of the reconstruction phase within the Skanect.
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Figure 7.10 - Points cloud of the CEMPLEX socket (left) and the patient’s residual limb (right) before editing
phase from different views.

Figure 7.11 - Three-dimensional models of the CEMPLEX socket and the residuum.

7.3.2 FE analysis

The creation of the FE modedsas performed in two steps. The first phase coscra identificatior
of the correct socket alignment with the geometradel of the residual limb, the same that was |
previously to test the virtual socket design precasd subsequently the magde and the directions
of the translations to apply to the socket durimg dlonning simulation. In the second phase, th
model implementationvas accomplished using the script file, but defjnmanually the numeric.
values of the characterization pmeters (Table 7.3).

Table 7.3 - Numerical values of simulation parameters.

Patient’s weight Coefficient of friction Translation values
760 [N] 0.4 (-10; 280; 0)* [mm]

(0; 240; 0)** [mm]

*residuum model from MRI; **residuum model from 3D scanning

Figure 7.12 shows the saatkand the residual limb meshed,Figure 7.13the boundary conditio
applied to the residuurare illustrate, and Figure 7.14lisplays some steps of the analysis from
initial position to the end of static load ph.
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Figure 7.12 - The meshed models of the socket (left), the residual limb from MRI (middle) and the residual limb
acquired with Kinect (right).

A

Figure 7.13 - Complete assembled model with the fixed surface contoured in orange.

Figure 7.14 - Simulation steps of the numerical analysis from the initial position to the end of static load phase.

7.4 Comparison of the results

In this section the finite element analysis model seased comparing the pressure map predict
the FE models with the one measuexperimentally. The pressukalues at the sock-residuum
interface weraneasured using the Teksce-Socket systems, inserting the pressure transdaténg
interface between socket and residuum. Thanks éoirtiprovement in pressure transducers,
comparison has been performad wide areaand no longer in a limited number points.
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The pressure acquisitions consider only the fullybareight on a single-leg stance. Figure 7.15 shows
the pressure map whose values are associateddolowr scale from blue to red and covering a range
of fixed values ranging from 0 to 240 kPa. The uppait was chosen according to the maximum
value measured by the pressure transducers. lootbar map representing the FE results, the areas
that exceed the maximum value are coloured in dgfey.the experimental measurements, the white
colour means that the acting pressure does noedxbe operating threshold of the single transducer

Figure 7.15 portrays the measured pressure distsiband it can be evaluated according to the

load/off-load zones described in Figure 5.9. Trotbaupper area is partially unloaded, while the

pressure is extended on the upper edge contairementhe rectus femoral area, as it should be. The
posterior areas is generally uniformly loaded ektie@ ischium area that is quite load. The inn&gtth

is stressed both in the inguinal canal and the &tu#&mngle areas.

Lateral wall

Posterior wall Anterior wall

Medial Medial

wall

Figure 7.15 - Pressure map on the socket inner surface.

Figure 7.16 and Figure 7.17 represent the pregsage obtained with FEA simulation. Figure 7.16
refers to the residuum model acquired by the 3Dwsiog, while Figure 7.17 considers the residual
limb model reconstructed from MRI. The load areagehsimilar appearance: the inguinal area and the
inner thigh area are the most overloaded, alsarttobanter region and the lower part of the externa
thigh is quite stressed.
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The correlation between the pressure values pestiby the FE model with those measu
experimentally confirmed theesults have been the same order of magnitudetimeless, or-to-one
correspondence has not been achieved. The predietdtant stresses were higher than
experimental valuegpproximately twice

The preliminary FE model evaluation can consideredpositive, but further studies are necess
The causes of the gap between pressure measurepresglire computed can be attributed to
geometric model of the residual limb. both cases, residuum reconstructed from MRI anduam
reconstructed from 3D scanninsome minorgeometric problems have influenced the pres
distribution on the residuum surfaor example,lte geometric model obtained from MRI preser
deformaion on inner thigh area due to the supine posiissumed during the acquisiticDuring the
scan, the patient wore the prosthesis liner in rotdeeduce the residuum flattering, but it was
completely eliminated.
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Figure 7.16 - Pressure map after the loading phase using the residuum model acquired with Kinect.
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Figure 7.17 - Pressure map after the loading phase using the residuum model reconstructed from MRI.

The pressure distribution obtained with numerigalusation, considering the designed socket mc
is well distributed and homogeneolFigure 7.18. The pressure values are more similar with tl
measured with the pressure transducers, with tleepéon of the inguinal area. This result
significant and means ththe design procedures and rules within the Soelatelling Assistant ca
be considered adequate to model the socket shageally, the socket is modelled directly on
outer residuum surface and the inildeformation isincluded with the final scket model, without
negatively influencing the numerical analy:
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Figure 7.18 - Pressure map obtained with FE analysis considering the designed socket.
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The material behaviour has a strong influence enfihal results. The better way to improve the
characterization of soft tissues was adopted bye&iThorn and Childress [72] in order to validate
their results. They measured the local soft tiggaperties, the local interface pressures andaaé |
state by mounting tissue indentor and pressursdrarers into the socket wall. Then, they used these
parameters as input conditions into the FEA moltethis way it is possible to refine the material
model in order to estimate the correct parametesondly, further features could be considered to
increase the FEA model; such as the identificabbrihe specific contact conditions between the
residuum-socket interface, considering also thearsis¢resses; the improvement of the boundary
conditions; the increase of the density of diszegibn elements in areas where high pressures are
expected and make the soft tissue parameters mearli

As described, the experimentation has been casuédonsidering a unilateral transfemoral amputee.
A massive experimental campaign involving differerthopaedic labs and patients will be planned to
fully validate the design platform, the FE modetidhe adopted acquisition techniques. Testing with
different case studies will increase the qualitytte# process since it will allow taking into accbun
aspects not yet considered, such as differentuakiitnb morphologies, lifestyles and patients’ dee
Finally, further acquisition of pressure distrilautiwith Tekscan equipment will be performed and the
results will be compared with those of numericaludations as done in the preliminary step.
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Conclusions

This thesis work has led to the implementationroémbedded simulation module to study the socket-
residual limb interaction without the involvemerfttbe prosthetist, thus permitting to realise d ful
virtual environment to design lower limb.

Starting from an extensive analysis of the statthefart about the simulation of the socket-resaluu
interaction, two FE models have been implementétyus commercial solver (Abaqus) and an open-
source solver (CalculiX). This permitted to idewtithe simulation rules and the best practice
procedures, select the adequate solver, and, tedéine the architecture of the automatic simulation
module implemented using the Python language. Eurtbre, different non-linear material
characterizations of soft tissues have been irgastil and sensitive analysis has been performed in
order to refine the FE model and reach better t®sul

The embedded simulation module has been integnaittd the socket modelling system, namely
SMA, to get the required geometric models and wifleMOD, the DHM used to simulate and
analyse the gait of the virtual patient wearing phesthesis, to obtain the forces applied to tlokesto
during patient’s walking

The simulation procedure has been tested withrsfemoral case study. The experimental phase has
been carried out to test the developed approacipewédures starting from patient’s data acquisitio
(e.g., residuum morphology, anthropometric mea3umeshe release of the final socket model. The
real socket of the patient has been also acquirgd weverse engineering and simulated the
interaction. Simulation results have been compaiddthose measured by pressure sensors.

From the analysis of the results some conclusivesiderations have been drawn. Data exchange
among the three systems (e.g., SMA, simulation reodnd LifeMOD) is carried out successfully and
automatically. Some difficulties have been detecteath as the amputee’s posture during the MRI
acquisition, the creation of upper rounded edgthefsocket, and the surfaces selection within the F
model. Since the real experimentation is at anyestdge, simulation results have been considered
positively, but further studies are required. Fraraple, some geometric inconsistencies, occurred
during the acquisition of the residual limb, hagduced the accuracy of the final results. To cotaple
the evaluation of the FE model, a new residuum gdommodel is needed and a refinement of the
material model characterization is desirable.

In the following, future developments are drawn.

Future development

On the basis of the tests and mentioned problemsief activities have been identified with regards
to: geometric model of the residual limb, FE maoaladl solvers and experimental tests.
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Geometric model of the residual limb

A detailed geometric model of the residual limiaisrucial issue for the whole design process and fo
the simulation task. It also influences the poéisjbio adequately evaluate the FE model, since
correlation between experimental and simulationuesl can correctly occur only without
inconsistencies in residuum geometric model. Asgng, the MRI acquisition requires the patient lay
down in supine position, causing an alterationtwf tesidual limb shape. This position induces a
deformation around the inner thigh area, which $etwdenlarge. The use of the prosthesis liner is
suitable to reduce the shape distortion but ibisemough. MRI upright scanner systems, acquitieg t
patient in vertical position, could avoid this plain, but they are still not widespread. The 3D
scanning can represent a possible solution to sb/eleformations, being careful to introduce prope
reference points in order to keep the alignmentwéen bonny structure and soft tissues as
demonstrated in [55, 56]. In addition, low-costhigiqques are now available and have been already
tested to acquire the external shape of the residuu

FE model and solvers

A key problem concerns the surfaces selection &cifp the contact regions or the boundary
conditions on the residual limb. Usually the ussests interested regions through the graphical use
interface. However, a different approach is requirescripting mode, i.e., the solver (Abaqus im ou
case) should be able to pick out automatically eéhm®as. This problem is due to the fact that the
geometric model of the residual limb is extreméffedent in shape and size, non-uniform and hard to
standardize. Therefore, a pre-processing stepcisssary to provide a model of the part with redidua
limb regions already defined and subdivided.

Another issue concern material characterisatione Techanical characteristics of material, in
particular the soft tissues, have been derived fliterature and corresponds to a linear behaviour.
Results reached so far have been considered ade(paat literature review) but to get more precise
results also non-linear material characterizatiooutd be considered as well as indentation tests to
determine the specific behaviour of the anatomdiatrict. Obviously, this has an impact on the
computational costs and attention must be paidesore of the overall objectives is to allow the
prosthetist to get results with reasonable timelifdimary tests and experience found in literature
showed a significant increase of computational tjffe 52].To face this problem parallel computing
techniques can be employed.

Another issue concerns the contact model. At ptasénassumed frictionless during the donning of
the socket and adopts an average friction coeffioiieiring the loading phase. The coefficient can
significantly vary and it depends on the type otenal used for the socket manufacturing, as well a
from the condition of the skin. Since it influendlg simulation results, it could be useful to pam
experimentation campaign to identify such behaviour

Finally, further studies on open-source solversrageessary to implement a design platform totally
independent from commercial tools

Test campaign

As described, the experimentation has been capuédonsidering a unilateral transfemoral amputee.
A massive experimental campaign involving differerthopaedic labs and patients will be planned to
fully validate the design platform and the FE modeadsting with different case studies will increase
the quality of the process since it will allow tagiinto account aspects not yet considered, such as
different residual limb morphologies, lifestylesdapatients’ needs. Finally, further acquisition of
pressure distribution with Tekscan equipment wallgerformed and the results will be compared with
those of numerical simulations as done in the priakry step.
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Prosthesis components

In recent years, present prosthesis’ are an asgashidlifferent standard components that satisfy the
amputees’ requirements, allowing them to accompliferent activities, from the simpler to the more
complex. Taking into account the statistical ddtaws amputations previously cited, the number of
persons subject to amputations are tens of thogsawely year and that means millions of persons
around the world. So, since production and manufacof prosthesis devices has assumed an
industrial dimension, the concept of modularity basome established. The entire prosthesis device,
excluding the socket, has been divided in smallpmments, according to the specific function, each
capable of interfacing with the other thanks tondtadized connections. Standardization allows to a
drastic reduction of costs thanks to a series mtaly simplify the assembled and disassembled of
the devices, speed the set-up procedures, and sdjoeatable and consistent alignment conditions of
the components.

Prosthetic elements are mainly classified accortingome patient’'s characteristics (weight, height,
activity level) and the degree of mobility permittdy the component. The choose of the right
component is done consulting a catalogue, selethiegpecific part according to the needs and the
use of the amputee, and paying attention to tloenpatibility.

The modular lower limb prosthesis, both transtilziatl transfemoral, are principally assembled by:
socket, liner, knee (only for transfemoral amputepglon, foot, adapters, and cosmetic part. These
elements will be described in this paragraph, whatdo will give a brief overview on prosthetic
socket types. Figure A.1 portrays an overview aghwmn components and related variants used for
modular transfemoral prosthesis.
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Figure A.1 - Mind map of modular lower limb prosthesis components [3].

Al. Socket

The socket is the interface betweenresiduum and the robanical part of the prosthesisrequires
a high level of customization to satisfy functiomald comfort requirements, so it is totally cus-fit

on the patient’'s anatomy.Wearson the residual limb anitl supports the amputee during walking.
The socket is made in wood, synthetic resin oran fibre, and that influences the degree of mob
associated with the prosthesis. Weight and patiedogf the patient are the moimportant
parameters that influence the choice of the sotkmblogy. In the following, the most diffust
typologies of socket shapes are lisi

There are primarily two types of socket used fansfemoral amputees, the quadrilateral the
ischial-containment socket (FigureA.2).

Quadrilateral socket is hamed for the socket slaaygkis borne with rigid walls, each of whihas a
specific funcion. The medial wall has to contain its respectissues and provide counterpreses:
to the lateral wall. The latter shousupportadequately the femur in the Midstance to preve
Trendelenburg's sign during the swing of the hgdktly. The anterir wall avoics forward movement
of the residuumwhile, the anterior wall offers a wei-bearing surface for the ischial prominence
the gluteusmuscles. Quadrilateral sockets show some limitsh sa& loss of adductor streng
complaint over ischial prominence, and higher presssalues due to smaller contact areas that re
the ability to distribute pressure and forc

Ischial containment s&et solves quadrilateral limitst allows obtaininga more uniform pressu
distribution over the entire residual limb surfaicesluding the ischium and veloping the trchanter
and all muscles. It is proposes to amputees widiss@ngiopathies orypass; excellent results &
achievedor short and not very tonresidual limbsbut also with sportive people. MAS socket (M
Anatomical Socket) can be considered an evolutfasahial containment one, offering more mobi
and a better containingchium. It is particularly adapted for active artgms with very toniresidual
limbs.
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Figure A.2 - Examples of transfemoral prosthesis socket: quadrilateral (left) and ischial-containment (right) [122]

Patellar Tendon Bearing (PTB) and Total SurfaceriBga(TSB) are themost diffusedsockets for
transtibial amputation (séegureA.3).

The most commonly used for TT amputation the enthef'90s was the PTB socket. It s total
contact to avoid pockets and edema and it presematglifferentregions the bearing and the reli
area. Areas of bearing include weight tolerparts which havea good blood supply to dissip:
pressure; while the relief areas present bonny inence, poor blood supply, or near impori
nerves. This socket is not appropriate for seresitiin. Other typologies of PTB socket can
identified: Supracondylar Suprapatellar Suspension (SCSP) amda&®ndylar Suspension (S
socket. The first onenvelops all the patella region with higher mediateral and frontal wall
giving better stability but becoming more bulky;gbod for patients with very shcresiduum, but
slim. The SC socket looks like SCSP but it leavsible the front area ofatella, allowing good kne
flexion.

In contrast to PTB socket, TSB socket ssa more equally pressures distribution over thestibial
residuumsurface; furthermore, the use of liner assistsithéistributing these pressure. This soc
seems to behe best choice for below knee amput

Figure A.3 - Examples of Patellar Tendon Bearing (PTB) and Total Surface Bearing (TSB) [122].

A transversal case is the flexible or ISNY (Icel-SwedishNew York) socket becauits functioning
concept isapplicable both for transtibial and transfemoradkat. As shown inFigureA.4, this kind of
socketpresents an external rigid or s-rigid structure that sustains an internal flexittlermoplastic
part. The externaltsicture is in correspondence of bearing areadewhe flexible element permits

keep the complete prosthesis control duwalking. Themix of these two parts allo\ reducing the
internal temperature, increasing the comfort, attlicin¢ the weight.
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Figure A.4 - Examples of transfemoral flexible sockets (left) and transtibial flexible sockets (right).

Ischial containment socket for transfemoral amportaand TSB socket for transtibial amputation
seem to be the best choice, as also confirmedeatat International Society for Prosthetics and
Orthotics World Congress [56]. Nevertheless, atlket typologies are still used by amputees because
the great psychological difficulties and mentakiia of their habits.

A2. Liner

The liner is a sock, usually made of different gied of silicone, that is fit on the residuum and
creates a soft gap between the skin and inner secidé It allows supporting in a better way the
residuum, avoiding excessive forces on the residioa#h, reducing shear stress, minimizing the
pistoning phenomenon. Thus, it provides greaterfadnto transtibial and transfemoral amputees.
These benefits are analysed in Lin et al. study, [@Fere the liner key role in the redistributioh o
stresses and interface pressures comes to lightdtged how a less rigid liner increases the atjpp
distance between the residuum and socket, but wiitiasuring a reduction of peak stress. This rather
complicated behaviour is due to the combined effe¢tnon-uniform socket shape and of different
sliding distances, caused by the different stiffnafsthe liner.

The socket liner is not a device adopted in a syatie manner in lower limb amputees because it
presents some disadvantages. It can cause a hé&hupwr dermatological problems due to the
directly interaction with the biological [123]. Tée diseases are influenced by aging, activity laxdl
use patterns. Also Baars and Geertzen [41] obpgtidocumented advantages of silicone liners, such
as better residuum suspension, along with posedg@tive effects, such as excessive perspiratidn an
itching.

Liner is commercialized in different standard siaes thickness (usually from 3 to 9 mm), but it can
be customized through a thermoformed process aogpitd the residuum morphology or easily
shortened according to patient’'s needs. The stsapkghtly tapered and closed at the end; the outer
surface may be smooth or ribbed and some compledelmchave particular inserts that improve
damping and grip. The choice of using the linedasie according to the residuum characteristics
(type, dimensions, amputation stability, tonicépape, and skin conditions) and the patient lijie st
The liner is fixed to the socket by a lock deviceracuum valve. Figure A.5 shows some examples of
the last generation of liners.
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Figure A.5 - Different typologies of liners by Ossur.

A3. Knee

The prosthetic knee is a modular component usegfonltransfemoral (or above knee) amputee
replace the function of human knee and can be ifitabsaccording to its centre of rotati
(monocentric or polycentrjalso shown itFigure A.§, or on the basis of working principles (fixe
self-braking or friction, pneumatic, hydraulic or elexgtic).

In contrast to monocentric knee, the polycentrie tias the centre of rotation that moves into
space in relation to the flexion angle and to tlepabition of the articulation es. It executes
simultaneously the movesnt of rotation and translan, avoidingthe foot dragging on the floor ai
giving a more natural moveme

Fixed knee doesn't flex durinwalking and it ca be unlocked only to sit downelf-braking knee
allows knee movement during the gait thanks toicidn system that prevenflexion under load.
Pneumatic and hydraulic knees offer high stabilitgtatic position and a rre physiological way ¢

walking. Theydiffer mainly for the operation principle: in thigst case is the air that moves from «

to another chamber, in thaher one is a liquid. Finally, electronic knee agatly controlled by

microchips with hydraulic functioning and behaviour depends on patiewmlking. It offers the best
knee performance biitis expensive, has high maintenance costs arfdvggh.

Figure A.6 - Examples of monocentric and polycentric knee.

Ad. Foot

The foot is the most important component becausenitlitions the way in which the prosthetic («ce

interfaces with the ground. It has to sustain tin@atee and reproduce tbehaviou of a healthy foot
every step of the walkingroviding a shock absorption in the foot rear ancelastic reaction in tt

forefoot. The appropriate foot selecti(see different examples Figure A.7)is strictly related to th

patient characteristics, the allowed degrees ofilitygtand the knee choice itransfemoral amputet
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Footparameters, such as supported load, weight, fléyithnd mobility, deper on the geometry and
the materials that are made of (wood, rubber, fo@msomposite materials). In particular, the car
fibber has permitted to improve the functionalities anoperties of the prosthetic feet. The laare
light, eay adaptable to irregular floo and, they can store and release energy during wall
reducing the load to the conticteral limb. Feet can kcharacterized as static, dyna, or electronic,
according to therinciples of operation. The main difference betws&tic and dynamic is that t
latter stores and releases energy during walking; whilelécttronic foot all ankle movement ¢
controlled by a microchip.

Pr o
=

.

Figure A.7 - Examples of prosthetic feet by Otto Bock: carbon foot, adjust foot, dynamic foot and SACH.

A5. Other components

Pylon

The pylon is a tube that connects the socket viighprosthetic foot, providing the same functior
the tibia in a healthy subject. Generally are matialuminium steel, or titanium. he diameter is
standard and chosen according to weight and aclevel of the patient; and the length depend:
the residuuntength. Some pylons have a rotation adapter ork-absorbing systet

Adapters

With the term of adapters it means all the différpart thatallows couplin¢ all the different
components of a adular prosthesis each others. This parts pernetly and quickly connect tl

different components in a standard mode and altopetform the alignments -up in a much more
simple and accurate way.

Adapters are made dluminiun or stainless steelhen the patient weight iless than 100kg,
otherwise titanium or carbofibber. In agreement with usehey can be mainly classified (see
different examples ifigure A.9:

e Socket adapterit connects the socket to the pylon in TT ampsitee the knee in T
amputees;

*  Pylon clampsit links up the tube with the knee, or the footlee socket

« Double adapterit substitutes the pylon when tdistance between TT socket and foot is
small;

* Foot adapterit connects the foot with the tube clamps or dewadapter:
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Figure A.8 - Examples of adapters: socket adapter, pylon clamps, double adapter, foot adapter.

Cosmetics

Cosmetics components arer-structural devices and the materials used are lyspalymeric
materials or elastomers. Their contribution is lsoleesthetic, they try to reproduce tlisual
appearance of a healthy limb, and they can be asedthe previously cited compone
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Workstation technical specification

Workstation technical specification

Hardware and operating system of the workstatidtuénce significantly the simulation times,
because they determine the computing performantdety authors reported the hardware used to run
simulations. These technical specifications aremsanzed in Table B.1. Analysing the literature, it
seems that supercomputers have been replaced lyo&tation thank to the increase of hardware
performance and, for the future, parallel computinghitecture will be widely diffused.

Table B.1 - Workstation technical specifications.

Researcher Year CPU RAM oS Runtime

Zhang et al. 1994 CONVEX 63840
[76] supercomputer
Goh et al. [48] 2004 Pentium-IV@ 3.2 GHz 2GB ~5min
Portnoy et al. 2008  Pentium-class workstation; 1BG ~12h
[61] Designated graphic

processor board
Lacorix et al. 2011 Quad Core i7-880@3.06 GHz 16 GB Windows7 Pro 64-bit 6+8 h
[59]
Morotti 2013 Intel Xeon W3505@2.53 12 GBDDR3 @ Windows7 Ultimate <4h

GHz 1333Mh 64-bit
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